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ABSTRACT 
The role of dose distribution and calculation is very important in radiation treatment 
planning. In external beam radiotherapy, determination of dose distribution demands a 
high level of dosimetric accuracy. Percentage depth doses (PDDs) play an important role 
in achieving that accuracy. Moreover, wedges are frequently used in radiotherapy to 
modify the isodose distribution by compensating dose inhomogeneity. The introduction 
of new imaging facilities in radiotherapy increases the requirement of better dose 
conformity. Volumetric modulated arc therapy (VMAT) always shows noteworthy 
potential for improving the cancer survival rate by the contribution of influential tool. In 
this thesis, accuracy of treatment plans has been investigated by treatment planning 
systems using different advanced radiotherapy techniques such as three dimensional 
conformal radiation therapy (3DCRT), intensity modulated radiation therapy (IMRT) and 
VMAT. 
Varian linear accelerator (2100 C/D) has been used for 6 and 15 MV photon beam 
energies with 120 multileaf collimator (MLCs). PDDs and tissue maximum ratios 
(TMRs) were measured at various depths and field sizes using a PTW 31006 ionization 
chamber and a scanning water tank. Mean monitor unit, maximum and minimum doses in 
the PTV, conformity index, and homogeneity index were determined for each treatment 
plan. MapCHECK was used for Gamma analysis to meet the 95% pass criteria at 3%/3 
mm in sliding window and step & shoot technique. Single-arc VMAT plans at different 
collimator angle were created systematically using a Harold heterogeneous pelvis 
phantom.  
The difference between the calculated and measured PDD was found within the 
acceptable range according to the ICRU reports. Furthermore, percentage discrepancy 
gradients were found ranging between a maximum of 0.1386cm-1 and a minimum of 
0.006cm-1 with a mean value of 0.0723cm-1 for 6MV. Moreover, during wedge 
comparison EDW at 45o results in an improvement of the plan evaluation parameters and 
thus increases dose efficacy for radiotherapy of rectal cancer. Additionally, PTV coverage 
was found best for both IMRT techniques, but doses to organs-at-risk (OARs) were 
reduced in step & shoot technique. The dosimetric results of VMAT provide support to 
physicists to make careful decisions in applying suitable collimator angles to improve the 
PTV coverage and OARs sparing in prostate VMAT. 
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Chapter No. 1 
INTRODUCTION 
1.1 Cancer and radiotherapy 
Cancer is caused by the unrestrained division of abnormal cells, also named as malignant 
tumor cells. It is a common disease, a large number of people are diagnosed with cancer 
every year and only about half of them are cured. So, improvement in cancer treatment 
technique is the need of the changing time. Currently, a number of cancer treatments are 
available; among these techniques the most popular are, surgery, chemotherapy and 
radiation therapy or combination of these. [1] 
First of all the malignant tissues are removed after which a combination of radiotherapy 
and chemotherapy is applied depending on the size and extent of the tumor spread. [2] 
Radiation therapy is cancer treatment modality where radiation (photons, electrons, 
neutrons and ion beams) is delivered to kill the tumor cells or prevent them from further 
spread. There are two popular processes by which cells are damaged during radiation. In 
the first process, deoxyribonucleic acid (DNA) is hit by radiation, and in the second the 
most prominent process free radicals in intracellular space are created by indirect 
methods. The reaction of these free radicals can damage the DNA and other molecules in 
intracellular matrix. Hall has pointed out that more than 75% of the mammalian cancer 
cells are caused by the  hydroxyl radicals. [3, 4] 
Radiation damages both healthy and cancerous cells, the key point of the radiotherapy is 
to deliver a utmost dose to the tumor and least dose to the healthy tissues. Absorbed dose, 
describes the energy deposited in the tissue by radiation beam, is measured in gray (Gy)  
and one Gy corresponds to the absorption of one joule of energy per kilogram of mass. 
There are two categories of the delivery of the radiation beams i) external beam 
radiotherapy (EBRT), which is focused in this study, where the radiation source is outside 
the patient's body that treats the tumor within the patient and ii) Brachytherapy, where the 
source is directly inserted into the patient's body. Brachytherapy may be either temporary 
or permanent: 
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In temporary brachytherapy, a highly radioactive material is placed inside a catheter or 
slender tube for a specific amount of time and then withdrawn. Temporary brachytherapy 
can be administered at a low-dose rate (LDR) or high-dose rate (HDR). Permanent 
brachytherapy, also called seed implantation, involves placing radioactive seeds or pellets 
(about the size of a grain of rice) in or near the tumor and leaving them there 
permanently. After several months, the radioactivity level of the implants eventually 
diminishes to nothing. The inactive seeds then remain in the body, with no lasting effect 
on the patient. Sometimes, these inactive metallic seeds can trigger metal detectors at 
airport security checkpoints. [5, 6] 
In the first step of external beam radiation therapy (EBRT), patients image is used for the 
localization and identification of tumor extent. A treatment plan is prepared on the basis 
of anatomical data, radiation beams and dose calculation engines. These are defined to 
predict the dose in tumor and surrounding healthy tissues in the treatment plan. Treatment 
delivery is carried out after finalizing the treatment plan and dosimetric measurements 
were done for the verification of the accuracy of dose delivery, which can be made either 
before treatment using phantom studies or during or after treatment using in vivo patient 
dose measurement. [5] 
1.2 Linear accelerator 
The linear accelerator is a device that can use electromagnetic waves to speed up charged 
particles to high energies throughout a linear tube/pipe. These high energy electrons can 
be helpful for producing x-rays for treatment of deep seated or superficial tumors. [7] 
 
 3 
 
 
Figure 1: A block diagram of medical linear accelerator [7] 
 
Figure 1 shows a clock diagram. The modulator gets activated by direct current and the 
high voltage produced from the modulator section carried to the magnetron or klystron  
and to electron gun. This electron gun produces electrons and these electrons are injected 
into the accelerator structure which is at high vacuum with energy of 50KeV. These high 
energy electrons are in the form of pencil beam, 3 mm in diameter. Up to 6MV linear 
accelerator the accelerator structure is relatively small and allows the electron to proceed 
straight and strike the target for the production of x-rays. However, for high energy linear 
accelerator the accelerator structure is too long and may be put straight or at some angle. 
These angles usually about 90o or 270o between the accelerator arrangement and the 
target. The transport arrangement consists of bending magnets, focusing coils and others 
for accuracy. [7, 8] 
A. The magnetron 
 
These devices are used to produce microwaves having a frequency of 3000 MHz within 
each pulse. It can be used as a microwave for producing pulses of few microseconds and 
as  a powerful oscillator. [7] 
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B. Klystron 
 
Klystron is a microwave amplifier, it is not a generator and it needs lower power for 
oscillation. [7] 
C. Linear accelerator  X-ray beam 
These electrons are incident on having high atomic number material targets to produce 
bremsstrahlung x-rays. The electron energy is converted into x-rays for the production of 
these bremsstrahlung x-rays. Manufacturers are now trying to design, linear accelerators 
that have both electron and x-ray treatment capabilities. [7] 
D. Electron beam 
 
When the linear accelerator is in the electron beam mode, the electrons strike the 
scattering foil instead of target to spread the beam uniformly across the treatment field. 
Lead is used as a metallic foil for scattering. Its thickness is such as to scatter the majority 
of electrons than bremsstrahlung. X-rays of the electron beam are found because a little 
portion of the all energy is changed into bremsstrahlung. This contagion can be abridged 
by expanding the electron beam over a big area. In electron collimation some of the x-
rays can be fashioned by striking the electrons to collimator. [7] 
E. Treatment head 
The treatment head is shown in figure 2 (A, B, C) consists of thick shell of high density, 
protecting material like lead, tungsten or some lead-tungsten alloy. This high density shell 
contains an x-ray target, ionization chamber, scattering foil, flattering filter, fixed and 
moveable collimator as well as a localization system. The leakage of radiation can be 
controlled under the rules of radiation protection guideline with the help of this shell. [7] 
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Figure 2: (A) X-ray therapy mode (B) electron therapy (C) linear accelerator [7] 
F. Target and flattening filter  
 
A flattering filter of lead, uranium, steel, aluminum or any combination can be inserted 
for making beam intensity consistent throughout the field as shown in figure 2 (A). 
Podgorsak et al suggested the choice of flattering filter and target material. [9] 
G. Beam collimation and monitoring  
 
A fixed collimator can be used to collimate the treatment beam which is inserted beyond 
the x-ray target. During x-ray mood, the collimated beam passes through the flattering 
filter, but in electron mood this flattering filter is removed as shown in figure 2 (B). This 
flattened x-ray or electron beam is incident on the dose monitoring chamber, that consists 
of a single or multiple ion chamber with different plates. Different type of ion chambers 
such as the parallel plate chamber, cylindrical chambers have been used in linear 
accelerators. These ionization chambers can be used for dose monitoring, integrated dose 
and field symmetry. Depending on the chamber design, voltage ranging from 300-1000 V 
is functional across the chamber electrodes. Calibration chamber can be used openly and 
monitor chambers are usually varied with temperature or air pressure, so, these are sealed. 
[7] 
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When this beam passes through the ion chamber, it is collimated by continuously 
moveable x-ray collimator. This collimator is made of two pairs of high atomic number 
material jaws that offers a rectangular opening face from (0 × 0) to the utmost field size 
(40 × 40) or a little less with source to surface distance of 100 cm. Light localization 
system inserted into the treatment head is used to measure field size. 
A combination of light sources and mirror is positioned in between the chambers and 
jaws. Frequent monthly, daily checks are required to verify this imperative necessity of 
the alignment field. The electron collimation system may differ in all medical linear 
accelerators, but it remains same for photon beam. Since electrons are scattered 
voluntarily in the air, so, beam collimation have to be attained close to the skin surface of 
the patient. A scattering of electrons may be due to the collimator surfaces including 
moveable jaws and dose rate, both depend on the opening of collimator jaws up to field 
size limits. [7] 
H. Gantry  
 
As the world is progressing day by day, the linear accelerators are constructed so that the 
radiation source be able to rotate in horizontal axis. As the gantry rotates, the collimator 
axis (supposedly coincident with the central axis of the beam) move in a vertical plane. 
The point of intersection of the collimator axis and the axis of rotation of the gantry is 
known as the isocenter. This technique is also available in new linac and is working very 
well. [7] 
1.3 Measurement of ionizing radiation 
X-rays were used for diagnosis and therapy in the earliest time. Several efforts were made 
to figure out ionization radiation, the foundation of chemical and biological effects. 
Different examples are available like photographic emulsions, color changes of chemical 
compounds and reddening of the human skin. In 1928, the International Commission on 
Radiation Units and measurements (ICRU) accepted Roentgen, as the component of 
measuring  X and gamma radiation exposure. It is the unit of exposure and is denoted by 
R. Exposure is defined as the measure of the ionization produced in the air by photons. It 
is denoted by X and its unit is coulomb per kilogram (C/Kg) but its special unit is 
Roentgen (R) and this Roentgen can be measured by ionization chamber. [7] 
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1.3.1 Ionization chamber 
Ionization chamber is utilized for the measurement of Roentgen usually, primary standard 
is used only for the calibration of secondary instruments.  Its installation is also restricted 
to some national standards laboratories and is shown in figure 3. An x-ray beam 
originating from the focal point S, which is defended by the diaphragm D that passes 
centrally between a pair of parallel plates. A high voltage with 100V/cm field strength is 
applied between collection of ion produced in the air and  the plates. [7] 
The ionization is measured for the length L, which is described by limiting lines of force 
to the edges of the collection plate C. Guard ring G is used to make lines of force straight 
and perpendicular to the collector. Photon beam can be utilized to produce electrons in a 
specified volume, shaded in the figure 3, have to expend all their energy by ionizing the 
air between the plates. This condition can exist simply, if the range of the electrons is less 
than the distance between each plate. Electronic equilibrium can be achieved by keeping 
the beam constant throughout the length of specified volume, ion collection region and 
separation between the diaphragm must exceed the electron range in air. [7] 
Considerable care is required for accurate measurements with ionization chamber. Few 
corrections are needed that include (a) correction of attenuation (b) correction for 
recombination of ions (c) correction for the effects of temperature, pressure, and humidity 
on the density of air and (d) correction for ionization formed by scattered photons. Some 
precautions should be taken into account while designing the free ion chamber for 
Roentgens. The range of electrons liberated into the air is directly proportional to the 
photon beam. This needs an increase in separation of the plates to sustain electric 
equilibrium. 
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Figure 3: A diagram of free ion chamber [7] 
Problems of non-uniform electric field and greater ion recombination are created due to 
large separation. We can reduce the separation by using air at high pressures, air 
attenuation, photon scatter, and reduction in efficiency of the ion collection. Because of 
these problems, there is an upper limit on the photon energy above which the Roentgen 
cannot be accurately measured. This limit occurs at about 3 MeV. [7] 
1.4 Dose distribution and scatter analysis 
It is very difficult or sometime rare to measure the dose distribution directly in patients 
treated with radiation. So, phantom (a tissue equivalent material) should be used to 
measure the entire dose distribution. Usually these phantoms are large enough in volume 
to give full scattering condition. [7] 
1.4.1 Phantom 
Water phantom is used usually to measure dose distribution data, that efficiently 
estimates the radiation absorption, scattering properties of muscle and other soft tissues. 
Water is available everywhere and the good thing is that water contains the same 
properties like radiation have, so, it can be used as a phantom material. In many cases, a 
thin plastic sleeve is used to encase the detector before immersion into water phantom. To 
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use given material as tissue or water equivalent, the material must have the same atomic 
number and mass density. There are anthropomorphic phantoms, which are commonly 
used for medical dosimetry other than the homogeneous phantoms. [7] 
1.4.2 Depth dose distribution 
The absorbed dose in the phantom or patient varies with depth as the beam incident on it. 
This discrepancy depends on a lot of conditions like beam energy, depth, field size, 
distance from the source and beam collimation system. Therefore the dose calculation in 
the patient may depend on these parameters and all other which affect the dose 
distribution. There are a number of quantities for this purpose, most important among 
these are percentage depth doses (PDDs), tissue air ratios and tissue maximum ratios. 
These are measured in water phantoms by using ionization chambers. The other useful 
dosimetry system consists of TLDs, diodes, and films. Furthermore, ionization chamber 
remains ideal due to its better accuracy and smaller energy dependence. [7] 
1.4.3 Percentage depth dose 
Percentage depth dose (PDD) may be defined as the absorbed dose at depth d to the 
absorbed depth at a fixed reference depth do along the central axis of the beam as shown 
in figure 4, PDD is thus given by  
100
do
d
D
D
PDD ..............................(1) 
 
Central axis depth dose distribution is affected by a number of parameters like beam 
collimation, source to surface distance, field size and shape. [7] 
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Figure 4: Percentage depth dose diagram [7] 
1.4.5 Tissue air ratio  
Tissue air ratio (TAR) was initiated in 1953 and it was called tumor-air ratio at that time. 
It is defined as the ratio of the dose (Dd) at a given point in the phantom to the dose in 
free space (Dfs) at the same exact point which is illustrated in figure 5. TAR depends on 
depth d and field size rd and it is given as [7] 
)2..(..............................),(
fs
d
rd
D
D
TAR
d
  
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Figure 5: Illustration of tissue air ratio [7] 
Source to surface distance (SSD) may differ and depend on the shape of the surface 
contour, but the source axis distance remains constant. Since the percent depth dose 
depends on the SSD, the SSD correction to the percent depth dose will have to be applied 
to correct for the varying SSD a procedure that becomes cumbersome to apply routinely 
in clinical practice. A simpler quantity, namely TAR has been defined to remove the SSD 
dependence. Since the time of its introduction, the concept of TAR has been refined to 
facilitate calculations not only for rotation therapy, but also for stationary isocentric 
techniques as well as irregular fields. [7] 
1.4.6 Scatter air ratio 
To calculate scattered dose in the medium, scattered air ratios are very practical. For the 
dosimetry of the irregular fields, the computation of primary and the scattered dose is 
useful. The scattered dose may be defined as the ratio of the scattered dose at a given 
point in the phantom to the dose in the free space at the same point. It depends on the 
beam energy, depth, and field size, but independent of the source to surface distance as in 
tissue air ratio. Mathematically, scattered dose at a point in the phantom is equal to total 
dose minus the primary dose at that point. It may be the difference between the TAR of 
the given field size and TAR at 0×0 field size.  
)3.(....................).........0,(.).,(),( dTARrdTARrdSAR dd   
TAR (d,0) is the representation of the primary part of the beam. [7] 
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1.4.7 Collimator scatter factor (Sc) 
The output increases as the field size increases due to the increased collimator size, [21] 
that is added to the primary beam. Collimator scatter factor (Sc) is the ratio of given field 
air output to that for the reference field (10 × 10) usually called the output factor. It is 
usually measured by ionization chamber and its measurement setup is shown in figure 6 
(A). [7] In the measurement of Sc, the field must fully cover the buildup cap for all field 
sizes if measurements are to reflect relative photon fluences. For small fields, one may 
take the measurements at large distances from the source so that the smallest field covers 
the buildup cap. Normally, the collimator scatter factors are measured at the source to 
axis distance (SAD). However, larger distances can be used to provide the field sizes are 
all defined at the SAD. [7] 
 
 
Figure 6:  (A) Arrangement for measuring Sc and (B) Arrangement for measuring Sc [7] 
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1.4.8 Phantom scatter factor (Sp) 
The phantom scatter factor (Sp) takes into account the change in scatter radiation 
originating in the phantom at a reference depth as the field size is changed. Sp may be 
defined as the ratio of the dose rate for a given field at a reference depth (e.g., depth of 
maximum dose) to the dose rate at the same depth of the reference field size (e.g., 10 × 10 
cm), with the same collimator opening. It takes into account the change in scatter 
radiation initiating in the phantom at a reference depth as the field size is changed. There 
is also a formula for measuring Sp, which can be used for all beam energies.  
)4(..............................
)(
)(
)(
,
rS
rS
rS
r
pc
p   
 
Where Sc,p(r) is the total scatter factor which can be defined as the dose rate at the 
reference depth for a given field size r  divided by the dose rate at the similar point and 
depth for the reference  field size 10 × 10 cm as shown in figure 6 (B). [7] 
1.4.9 Tissue-phantom and tissue maximum ratios 
Tissue phantom ratio (TPR) is defined as the ratio of dose at a certain point in the 
phantom to the dose at the same point at a 5 cm rigid reference depth and is illustrated in 
figure 7. Scattered phantom ratio (SPR) is used for the dose calculation of scattered dose 
which is similar to the scatter air ratio.  
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Figure 7:  Illustration of TPR and TMR [7] 
Dmax is the central axis point and it is very desirable in dose computation. If it is used as a 
fixed reference depth, the quantity TPR gives rise to the tissue maximum ratio (TMR). 
Therefore, TMR is a particular case of TPR and can be defined as the ratio of dose at a 
specified point in phantom to the dose at the same point in the reference depth of 
maximum dose. [7] 
1.4.10 SSD technique 
Percentage depth dose (PDD) is usually a perfect quantity for calculations that engage the 
source to surface distance (SSD) techniques. Machines are usually calibrated to deliver 1 
rad (10-2 Gy) per monitor unit (MU) at the reference depth t0, for a reference field size 10 
× 10 cm and a source to the calibration point distance of SCD. Assuming that the Sc 
factors relate to collimator field sizes defined at the SAD, the monitor units necessary to 
deliver a certain tumor dose (TD) at depth d for a field size r at the surface at any SSD are 
given by: [7] 
)5........(....................
)()()()(%
100
SSDfactorrSrSDDK
TD
MU
pccd 

  
Where k = 1rad/MU, rc is the collimator field size, 
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rrc   
)7.........(....................)( 2
otSSD
SCD
SSDfcator

  
1.4.11 Isocentric technique 
TMR is used for dosimetric calculation of isocentric technique. Its unit is calibrated to 
give 1 rad (10-2 Gy) /MU at reference depth to and calibration distance SCD with 
reference field of 10 × 10 cm and then monitor units necessary to deliver an isocenter 
dose (ID) at depth d are given by the equation [7] 
)8........(....................
)()()(),( SADfactorrSrSrdTMRK
ID
MU
dpccd 
  
1.5 Isodose distributions 
To characterize a radiation beam central axis depth dose distributions are not enough that 
produces dose distribution. Absorbed dose can be described in isodose curves; these  lines 
are passing through points of the same dose. Thus, the isodose curves represent levels of 
absorbed dose in the similar manner that isotherms are used for heat and isobars for 
pressure. [7] 
1.5.1 Isodose chart 
An isodose chart is the representation of the variation in dose and for a given beam it 
looks like a family of isodose curves specially drawn at equal increments of depth dose. 
These depth dose values of the curves are normalized either at the point of maximum 
dose on the central axis or at a fixed distance along the central axis in the irradiated 
medium. The first category chart is applicable when the patient is treated at constant SSD, 
but in the second category, the isodose curves can be normalized at a certain depth 
beyond the depth of maximum dose. This type of representation is especially useful in 
rotation therapy as well as for stationary isocentric treatments. Figure 8 shows both types 
of isodose  charts for a 60Co γ-ray beam. [7] 
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Figure 9 shows the dose variation across the field at a specified depth. Such kind of 
representation of the beam is known as the beam profile. It may be noted that the field 
size is defined as the lateral distance between the 50% isodose lines at a reference depth. 
[7]
 
Figure 8: (A) Source to surface distance (SSD)  and  (B) Source to axis distance (SAD) for 60Co beam 
[7] 
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Figure 9:  Dose profile at depth, showing the variation of dose across the field [7] 
Another way of depicting the dose variation across the field is to plot isodose curves in a 
plane perpendicular to the central axis of the beam as shown in figure 10. Such a 
representation is helpful for treatment planning in which the field sizes are determined on 
the basis of an isodose curve (e.g. 90%) that adequately covers the target volume. [7] 
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Figure 10: Cross-sectional isodose distribution in a plane perpendicular to the central axis of the 
beam. The dashed line shows the boundary of the geometric field [7] 
1.6 Treatment simulation 
1.6.1 Radiographies simulation 
A treatment simulator is very different from the radiation treatment unit in terms of its 
mechanical, geometrical, and optical properties as shown in figure 11 (A). Its main 
function is to display the treatment fields without delivering excessive irradiation to 
surrounding normal tissue. Internal organ visualization, field correct position and 
shielding blocks can be found in relation to external landmark. Now the simulators are 
equipped with fluoroscopic capability by dynamic visualization before the hard copy is 
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attained in term of simulator radiography. All the treatment simulators are made very 
close to the treatment unit. [7] 
Its need arises from four facts such as (a) geometric relationship between the radiation 
beam, the external and internal  anatomy of the patient cannot be given by the ordinary 
diagnostic unit, (b) a port film is taken by therapy machine for field localizing, because of 
high energy radiographic quality and large source size of Cobalt 60, (C) field localization 
is very time-consuming process and if it done with treatment machine it takes a lot of 
time, (d) one other benefit of simulator is to recover unforeseen problems such as patient 
setup. The simulator room is made same as the treatment room and its practical use varies 
from institution to institution. 
 
Figure 11: (A) photograph of Varian Ximatron (B) Varian acuity simulator [7]   
As the simulator table is similar to the treatment table, as a result various patient 
measurements such as contours, thickness, compensators, bolus design can be obtained 
under suitable conditions. The simulator is also helpful while fabricating of 
immobilization devices and testing of shielding blocks. Laser lights, contour maker and 
shadow trays are used to facilitate the above measurements. The image quality of the 
simulator is poor, so, this cannot compete with virtual simulators. Modern simulators are 
capable of simulation, planning and verification in just one system and offer unity in 
hardware and software of the treatment machine that includes 2D and 3D imaging, 
treatment couch, multileaf collimator and accessory mounts as shown in figure 11 (B). [7] 
 20 
 
1.6.2 CT simulator 
CT simulator is the development of converting CT scanner into the simulator and it uses a 
CT scanner to localize the treatment field on the basis of patient's CT scans. A computer 
program, particularly written for simulations is helpful for automatic positioning of the 
patient couch and laser cross hair. In process of virtual simulation, many sets are done 
such as external contours, target volumes, critical structures, portal display and their 
placement, multiple treatment plan review and display of isodose distribution. The 
classification of virtual simulator shows that both patient and machine are virtual, the 
patient is represented by CT images, treatment machine is formed by its beam geometry 
and estimated dose distribution. This simulation film is actually a reconstructed image 
called the DRR (digitally reconstructed radiograph) that has the same appearance as 
standard 2D simulation. DRR is actually a port film that serves as a simulation film and 
can be substituted for the radiograph simulator, but it is always preferred to obtain final 
verification as compared to radiographic simulate film as shown in figure 12. [7] 
 
Figure 12: A diagram of CT simulator [7] 
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1.6.3 Magnetic resonance imaging (MRI) 
Magnetic resonance imaging (MRI) is a medical imaging technique used in radiology to 
investigate the anatomy and function of the body in both health and disease. It is widely 
used in hospitals for medical diagnostics, to get knowledge of staging of disease and 
follow-up without exposure to ionization radiation as shown in figure 13. The soft tissue 
contrast offered by MRI in some areas, such as the brain, is superior to that of CT, and 
allows small lesions to be seen with greater ease. [10] MRI has many medical diagnostic 
applications and more than 25000 scanners are working in the world. MRI is important in 
diagnosis and many areas of expertise, although have an effect on improved health results 
are uncertain. [11]  
To perform a study, the patient is positioned within an MRI scanner which forms a strong 
magnetic field around the area to be imaged. In most medical applications, protons 
(hydrogen atoms) in tissues containing water molecules are used to create a signal that is 
processed to form an image of the body. First, energy from an oscillating magnetic field 
is temporarily applied to the patient at the appropriate resonant frequency. The excited 
hydrogen atoms emit a radio frequency signal which is measured by a receiver coil. The 
radio signal can be made to encode position information by varying the main magnetic 
field using gradient coils. As these coils are rapidly switched on and off they create the 
characteristic repetitive noises of an MRI scan. The contrast between different tissues is 
determined by the rate at which excited atoms return to the equilibrium state. Exogenous 
contrast agents may be given intravenously, orally or intra-articularly.[3] 
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Figure 13: A MRI scanner [11] 
 
MRI requires a magnetic field that is both strong and uniform. The field strength of the 
magnet is measured in tesla – and while the majority of systems operate at 1.5T, 
commercial systems are available between 0.2T–7T. Most clinical magnets are 
superconducting, which requires liquid helium. The lower field strengths can be achieved 
with permanent magnets, which are often used in "open" MRI scanners for claustrophobic 
patient. [12] 
1.7 Target volume and organs at risk (OARs) 
 
In 3DCRT, the explanation of target volume and critical structure is very important and 
difficult. The radiation oncologist sketched the target volume and OARs spared based on 
the CT or MRI. During this process a number of information should be considered such 
as investigations, stage of tumor, tumor's histo-pathological reports and all other 
additional treatments that include chemotherapy, immune therapy, and the acceptance of 
patients about radiation treatment. It also includes the technique used for irradiation and 
patient positioning. [13] 
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 1.7.1 Definition of target volume 
 
ICRU report 50 and 62 give the radiation oncologist a consistent language and  strategy 
for image based target volume. The following terms were defined: gross tumor volume 
(GTV); the clinical target volume (CTV); the internal target volume (ITV); the planning 
target volume (PTV); the treated volume; and the irradiated volume as shown in figure 
14. [13] 
 
Figure 14: Concepts used in a target volume definition for radiation treatment [5] 
 
1.7.2 Gross target volume 
GTV is the microscopic extent of the tumor as recommended by different investigations 
and its definition is always based on the data given by the CT or MRI. The tumor has 
different density or intensity as compared to normal tissue. The areas of gross tumor are 
outlined by the radiation oncologist on the bases of radiological characteristics. The 
volume of the GTV visualized on CT or MRI should  be the volume of the actual 
microscopic tumor extension. [13] 
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1.7.3 Clinical target volume 
 
CTV is the GTV together with the microscopic extent and the margins between the GTV 
and CTV are not homogenous, hence, they should be adjusted to the probable 
microscopic extent. [13] 
1.7.4 Internal target volume 
 
The ITV was introduced in ICRU report 62 and it encompasses the GTV and CTV plus 
the movement of the organs and tumor due to respiration, filling of the rectum, pulsation, 
or variation of shape and size. Examination of internal margins is not possible or tricky. 
[13] 
1.7.5 Planning target volume (PTV) 
 
PTV includes GTV and CTV plus margins due to the patient setup beam adjustment, so, 
these margins are regarded as the inaccuracy in the geometrical position of the GTV and 
CTV. PTV can be considered as envelop that has to be treated with comparable 
irradiation dose as the GTV and CTV. The movements of the GTV and CTV should not 
change the delivered dose. It is the responsibility of the radiation therapist to describe the 
possible inaccuracy in the patient and beam positioning. In stereotactic radiotherapy, 
setup margins can be decreased by applying fixation and repositioning techniques. 
Treatment units are calibrated for quality assurance on the basis of beam positioning. This 
results in normal tissue surrounding the tumor, high dose areas can be significantly 
reduced and  dose to the GTV and CTV will rise rapidly. [13] 
1.7.6 Treated volume 
 
Treated volume is the 95% of the isodose. It can be corresponded to the PTV and in a 
number of cases this exceeds the PTV. The consistency of an irradiation plan can be  
demonstrated as the correlation between PTV and treated volume. [13] 
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1.7.7 Irradiated volume 
 
The irradiated volume is the chosen isodose curve and the normal tissue near the tumor. It 
is also included in an isodose surface with a possible biological impact on the normal 
tissue that is encompassed in this volume. [13] 
1.7.8 Organs at risk (OARs) 
Critical structures are also famous with the name of OARs as stated in the ICRU report 
50, these are located in the surrounding of the target volume. These OARs should be 
considered in treatment planning because irradiation can cause pathological changes in 
normal tissues. In the treatment planning process, the structures are outlined and dose is 
applied in these outlined areas by means of DVH or visualizing the dose distribution. It is 
very important and essential to include tolerance dose in treatment policy.  [13] 
These OARs can be positioned inside the normal tissue, near the normal tissue and at 
some distance from the PTV. The organs having low tolerance such as lenses or gonads 
are sketched even they are not immediate near to the PTV. If the OARs are near to the 
PTV, it is very difficult to attain a homogeneous dose distribution. Up to now, biological 
imaging has not yet been integrated into radiation planning, but a number of biological 
studies have an impact on the growth of new imaging technologies. These technologies, 
including PET, SPECT or MRS. [13]  
1.8 Treatment authentication tools 
  
Treatment verification is the important issue in radiotherapy and a lot of methods are used 
for authentication. 
1.8.1 Port films 
Port films are basically used for verification of the treatment volume under the actual 
situations of treatment. The image quality of the x-ray beam is not as good as simulator 
film, it is considered compulsory not for clinical practice but for the legal record. This 
port film must be of very good quality for good anatomic description. Good quality films 
are sometimes not possible due to high beam energy > 10MV, large source size, or  large 
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patient thickness and poor radiographic technique. The image quality of the port film is 
influenced by radiographic technique. [7] 
The selection of film, screen and exposure technique is very important in this way. 
Droege et al. Illustrated the screen combinations that are usually for port films at high 
energy photon beams. Their analysis confirmed that the single emulsion film is preferable 
than double emulsion film. Optimum resolution can be obtained with single emulsion 
film with a front lead screen and no rear screen. Nonmetallic screen are not preferable for 
higher megavoltage energies. As it is known that metallic screens produce a better 
response, increment in thickness beyond the maximum electron range produces no further 
changes in resolution. A therapy authentication film such as Kodak XV-2 is suitably slow 
to allow an exposure up to 200 cGy without reaching saturation. These films are also 
helpful to contract compensators for both the contours and heterogene ity. [7] 
1.8.2 Electronic portal imaging  
Electronic portal imaging overcomes the major limitation of port films, before the 
beginning or during the treatment the images are displayed on the computer screen and 
then these portal images are stored on discs for later viewing. Several institutions are 
using electronic portal images clinically and some of them are commercially available. 
These are computer-aided analysis and should be used to replace portal films. For 
decision making purposes, modern EPID provides superior image quality and array of 
analysis tools. It is also used tool for reduction of treatment setup errors and quality 
assurance and authentication of more complex treatments. It is very useful but 
unfortunately is not available in many of the radiation therapy centers. [7] 
1.9 Field shaping  
1.9.1 Custom blocks 
  
There are a number of systems available for field shaping. The system uses a low melting 
point alloyed lipowitz metal with brand name of Cerrobend having a density of 9.4g/cm3 
at 20o C. This material contains 13.3% tin, 26.7% lead, 50.0% bismuth, and 10.0% 
cadmium. The thickness of Cerrobend is usually taken 7.5 cm which is nearly equal to 6 
cm of pure lead for the megavoltage photon beam. [7] 
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1.9.2 Independent jaws 
Most of the time, it is desired to block off a part of the field with no change in the 
position of the isocenter. Rectangular field shapes can be done with jaws or independently 
moveable collimator and blocking is always used to generate irregular field shapes. Now-
a-days, new modern machines contain independently moveable jaws. These jaws varies 
from one to four independent jaws in some particular machines. During symmetric fields, 
jaw option is interlocked to avoid errors in the setting, in which opposite jaws have the 
option to open or close symmetrically. Working with asymmetric fields, special 
concentration must be set to the beam flatness and dosimetric parameters should be used 
to calculate monitor units. [6] 
1.9.3 Multileaf collimator (MLC) 
A multileaf collimator has a huge number of collimating leaves that can be driven 
independently as well as automatically generate any field shape. The typical MLC system 
consists of 80 or more leaves. Now these are available in majority of linear accelerators 
and these replaced conventional field shaping techniques, also improve the efficiency of 
the treatment delivery. Many of the systems having leaves from a cone of irregular cross 
section deviating from the source position, move on the spherical shell centered on the 
source that are called double focused leaves. The basis of these leaves is to provide a 
sharp beam cutoff at the edge, but for higher energy beam this objective is achieved 
partially due to the dose falloff at the edge. Double focused MLCs are very difficult to 
design with rounded leaf edges and travel perpendicular to the central ray. These rounded 
edge leaves provide constant beam transmission through a leaf edge in spite of its position 
in the field. MLC importance is not just the replacement of Cerrobend blocking, the main 
crash of this equipment is the automation of field shaping and modulation of beam 
intensity. The new technologies like 3DCRT, IMRT and VMAT are dependent on 
controlled MLCs. [7] 
1.10 Wedge filter 
In earlier days, wedge filters were used for dose shaping in conventional radiotherapy and 
provide photon beam intensity and oblique dose distribution in patients by the 
introduction of dose gradient formed by a wedge angle. Most external beam machines 
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support four wedge angle such as 15o, 30o, 45o and 60o. [7] Physical wedges are always 
associated with problems such as dose discrepancy due to occasional misalignment, beam 
hardening and  possible risk to the patient due to weight of the wedge. [14] 
With the emergence of computer control, it is now possible to deliver wedged field using 
movement of collimator  during the irradiation as these are always known as virtual or 
dynamic wedges. Varian was pioneer in the clinical introduction of dynamic wedges in 
linear accelerator, dynamic wedges were the novel addition there and those desired 
further improvement in its capabilities. This improvement was done by inserting 
enhanced dynamic wedges in the Varian linear accelerator. Additional functions include 
the symmetric, asymmetric fields, availability of wedge angles,  large field sizes and 
number of segmented treatment table. [15] Siemens introduced the virtual wedges in mid 
1990s and was validated by Desobery et al.  [16] They concluded that virtual wedge was 
performing according to specification and was able to accurately model any wedge. 
Santvoort  reported that dynamic wedge is useful and accurate clinical tool that provides 
extra flexibility and convenience in terms of clinical application. [17] 
1.10.1 Physical wedges 
 
The wedge filters in the path of radiation beams have been used for years in radiotherapy 
treatment. These wedges in the form of physical or dynamic wedge are used to modify the 
isodose distribution by compensating dose inhomogeneity. Wedge filters introduce an 
attenuation factor (wedge factor) at the central axis, and the presence of a wedge may 
harden the beam by filtering. The 80 % isodose contour varies in depth between 5 and 10 
cm, depending on the X-ray energy because the isodose contours of a physical wedge are 
curved, this is generally interpreted to mean the tangent to the isodose contour at central 
axis. [18] 
1.10.2 Enhance dynamic wedges 
The Enhanced Dynamic Wedge (EDW) technique differs from the physical wedge 
technique in that no external beam modifier is used to create the wedged dose profile. 
Instead, the wedged isodose profile is created by the sweeping action of the jaw from 
open to closed position while the beam is ON. In EDW technique wedge angle is obtained 
from the line drawn through two points a quarter of a field size on either side of the 
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central axis, which lie on the isodose contour that intersects the central axis at a 10 cm 
depth. This definition of EDW is recommended by the IEC report 60976 and the ICRU 
report 24. [18] This technique is based on the golden segmented treatment tables (GSTT), 
which help to generate the exact relationship between dose rate and jaw position. [19] 
In order to improve, the dose distribution in the patient, the concept of physical wedge 
has been extended to dynamic wedges (DW) capable to produce a wedge-shaped isodose 
distribution of computer-controlled jaw motion. This concept was commenced by 
Kijewski PK et al. but that was of academic interest only, its implementation was 
constrained because computer control was not commercially integrated with the 
accelerators. This work was extended by Leavitt, D.D., et. al. to succeed the concept of 
dynamic wedges. The significance of dynamic wedges as well as its general properties 
has been presented in different research works. [18] 
1.11 Radiation therapy techniques 
The modern external beam radiation therapy techniques are delivered using linear 
accelerators and these techniques are explained below. 
1.11.1 Three dimensional conformal radiotherapy 
Two dimensional (2D) anatomical images and 2D dose calculation techniques were used 
in early linac based radiotherapy treatment. Parallel-opposed or box radiation beams are 
common field orientation, where field collimation can be done by jaws. This type of 
radiotherapy can be applied to treat various types of cancers avoiding some healthy 
tissues. [5, 20] 3DCRT treatments are based on 3D anatomic information and use dose 
distribution that provides enough dose to tumor and possible minimum dose to healthy 
tissue. The concept of conformal dose distribution that is extended to some clinical 
objectives such as maximizing (TCP) and minimizing (NTCP) is helpful to achieve 
desired dose conformation including both the physical and biological. There are many 
obstacles achieving these objectives for optimal dose distribution and the main problem is 
the tumor extent. [7] 
Although there are a lot of imaging technologies, but CTV is not fully apparent. 
Depending on the constant capacity of the amount of disease, the image we get is not 
actually the CTV but it is GTV. So, if the CTV drawn on the cross sectional images does 
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not fully contain microscopic spread of the disease, 3D CRT loses its importance of being 
conformal. As there are difficulties in the estimation and localization of CTV, there may 
be other possible errors that have to be considered before planning of 3DCRT such as 
critical organs, patient motion, tumor volume, external fiducial marks during imaging, 
simulation and treatment can give rise to organized as well as random errors that have to 
be accounted for designing PTV. [7] 
 If the fields have been optimally designed, TCP and NTCP need to be considered in 
3DCRT. It means that optimization of treatment plans has to be evaluated not only in 
terms of dose distribution, such as dose volume histogram, but also in terms of dose 
response characteristic of the given dose and irradiated normal tissues. Various target 
volumes such as GTV, CTV and PTV must be designed carefully during each progressing 
step. It should be recognized that 3DCRT is neither a new treatment modality, nor it is 
identical with better results than successful and well-tested conventional radiation. 
Instead of calling 3DCRT as a new successful modality, it should be  carefully considered 
as a superior tool for treatment planning for the achievement of better results. [7]  
1.11.2 Intensity modulated radiotherapy (IMRT) 
Intensity modulated radiation therapy (IMRT) is the technical innovation of high 
precision in modern radiotherapy. [21] It has the capability to achieve higher dose 
distribution in curved shaped tumors. [22] Curved shape might be defined as the tumor 
covered around the vulnerable structure, including the spinal cord or it might be chief 
organ. [23]  
 IMRT applications are spread widely in radiation oncology because it is good to create 
different targets and avoiding the healthy tissue structure for the treatment of tumors. 
Dissimilar doses and weight target should be kept in mind at the same time. IMRT 
delivers radiations accurately and precisely than 3DCRT. IMRT minimizes the risks and 
increases the dose that finally improves tumor control. SMRT boost is also an adventure 
of IMRT that is actually the fractionation scheme. It reduces the whole time, this boost is 
helpful for the improvement of tumor control as well as offering patient convenience and 
cost savings. [23]   
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Pattern of radiation delivery is firmed by tailoring computing purpose to achieve optimal 
and treatment simulation. GTV is used to evaluate  the dose intensity while surrounding 
healthy tissues should be kept away entirely. This may be helpful for the best curing of 
the tumor targeting as it decreases side effects, and improves in outcomes than 3DCRT. It 
is known all over the world that 3DCRT is extremely useful for the treatment of a number 
of body sites, but IMRT is also famous, for its use in very complicated body sites. IMRT 
takes a longer time than 3DCRT as experienced by medical workers. IMRT is accessible 
from 1990 yet at some advanced cancer centers of the world. [24] 
Present IMRT technology affords the ability to treat patients using several different 
modes. The static modes, step-and-shoot (SS) and sliding window (SW), deliver dose 
from a discrete number of beam angles. For SW, the beam is maintained while the 
multileaf collimators (MLC) slide across the treatment aperture at varied rates to “paint” a 
continuous fluence pattern. In contrast, SS steps the MLC to a set of discrete aperture 
shapes, and only delivers beam when the leaves are stationary at each position. This 
produces a fluence pattern with a number of discrete levels equal to the number of steps. 
The most modern and complex of these modes is volumetric modulated arc therapy 
(VMAT), which rotates the gantry of the linear accelerator around the patient for a partial 
or full arc at a constant or variable rate. The MLC are in constant motion with the 
radiation beam on during the rotation, and the dose rate is continuously varied to weight 
the beam based on the incident angle. Similar to SW, the fluence is continuous and 
“painted” by the moving MLC, but also by the moving gantry and variable dose rate. This 
generates fluence across a full or partial ring rather than across a single beam aperture. In 
principle, this mode reduces streaking and normal tissue dose by distributing the 
incoming beam over a larger volume for less dose per volume.[25] 
1.11.3 Volumetric modulated arc therapy (VMAT) 
As the radiotherapy technology is progressing day by day, newer technologies like IMRT 
enable better radiation dose conformality to the target as compared to 3DCRT. Better 
conformality means increasing the cancer control, more volume treatment by restricting 
the radiation to the volume of requiring treatment, whereas at the same time lessening the 
dose to the nearby radiation susceptible normal tissues, thus deteriorating the radiotherapy 
toxicities. [26] VMAT is the hot topic now-a-days for dose delivery after IMRT. 
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Different companies are implementing VMAT for the treatment of cancer in all over the 
best cancer centers of the world. VMAT delivers radiation by rotating the gantry during 
one or more than one arc with the radiation constantly on and as a result number of 
parameters can be varied. Cedric developed this method by adding the above parameters 
in IMRT in 1995 [27], which reduces the need to use as many arcs as maximum number 
of field components. The master mind of VMAT is reputed to be from Art Boyer in 2001. 
[28] It is acknowledged that high conformal dose distribution can be delivered by VMAT 
similar to other forms of IMRT, that includes step and shoot, sliding window, static and 
helical tomotherapy, scanned beam therapy and CyberKnife. [29] 
VMAT stands with additional advantages, such as to reduce the treatment delivery time 
compared with other technologies like 3DCRT, and IMRT. So, its clinical use is 
increasing day by day. Presently, VMAT is limited to planning and feasibility studies, it 
has got good clinical results in several tumor locations. Teoh et al. Talked about that 
VMAT is good in practice and evaluates the planning and clinical results for different 
tumor locations such as prostate, CNS and breast. [30] 
1.12 Quality assurance (QA) 
Quality Assurance (QA) is a way of preventing mistakes or defects in manufactured 
products and avoiding problems when delivering solutions or services to customers. [31] 
Dose in radiotherapy has associated with a cure. Achievement of the planned dose in the 
treatment planning system (TPS) and its results are totally dependent on the delivered 
dose to the particular site of patient with a reproducible accuracy of planned dose or 
within tolerance. There are many available techniques to compare the delivered dose with 
planned dose. Usually absolute dosimetry is favored in which point dose is measured in 
the particular and reference depth using ionization chamber and currently commercially 
available phantoms like a slab phantom. [32, 33] 
In vivo dosimetry, thermoluminescent dosimeters (TLD) and diodes are also in practice. 
In this method, TLD or diodes are positioned on patient body at reference points and 
delivered dose is measured. In this technique dose is measured at the skin and not in 
depth. [34] This technique can be employed to measure doses in the rectum and bladder 
in patients of pelvic tumors. For reference dosimetry film, quality assurance (QA) is done 
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in which film is positioned in slab phantom at a specific depth at which the dose 
distribution is to be compared. After that planned dose is delivered on it and the resultant 
density of film can be associated with dose at each point on film which can be compared 
with the planned dose distribution. The density correlation with dose and comparison is 
done by commercially available film QA dosimetry systems, for example, OmniPro-
IMRT. [35, 36] 
1.12.1 Quality assurance equipments 
A. MapCHECK 
MapCHECK consists of two dimensional array of diodes that may be useful 
for the measurement of dose generated in a plan by radiation beam. This 
kind of device is known as MapCHECK and is shown in figure 15 and its 
software can be seen in figure 16.     
 
 
Figure 15: Map CHECK quality assurance device [37] 
 
 
This is made of 445N kind of diodes in the area of 22 × 22 cm2 by invariable dissimilar 
spacing. It has been used for QA and the beam central axis is placed perpendicular to the 
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plane of diodes. Its use is also good while comparison of measured and calculated dose 
from TPS. Here the operator can define the comparison criteria, that is percent difference 
and distance to agreement. Owing to diode directional response, this tool is not planned to 
attain composite beam dosimetry. Many of its applications are taken into account while 
IMRT verification. [37] 
 
 
Figure 16: MapCHECK software [37] 
 
B. ArcCHECK 
 
ArcCHECK is a three dimensional array that encloses 1386 diode detector having 10 mm 
spacing and looks like cylindrical water equivalent phantom. The detector has a size of 
0.8 mm × 0.8 mm and is shown in figure 17. ArcCHECK has a diameter of 15 cm in the 
phantom that is used to hold insert and ionization chamber for absolute dose 
measurements. It is useful for both absolute and measured data as it measures the data in 
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intervals of 50 ms and saves this data as a function of time. It is very accurate in dose 
measurement and it is necessary that its characteristics should be understood. Kozelka et 
al. reported the repetition speed, its field size dependence and its angular position 
dependence. [38] 
 
 
 
 
Figure 17: ArcCHECK quality assurance device [38] 
 
C. Delta4 quality assurance device 
 
IMRT QA is a quality assurance tool that conquers numerous of the deficiencies of the 
other ways. It employs 1069 diodes in two orthogonal planes that enclose in a cylindrical 
phantom as shown in figure 18. It matches the pulses of the linac and records the reading 
pulse by pulse for making easy time-based exploration. It is tremendously planned beam 
geometry, and is used for patient structures for assessment reasons. The use of planned 
dose distribution for the approximation of the 3D dose distribution on the bases of ray 
lines passing during two detector planes, these results taken from the measurements are 
useful for investigation of distance to agreement maps, gamma values and dose difference 
maps. [39] 
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Figure 18: Delta4 phantom in the measurement position [39] 
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Chapter No. 2 
LITERATURE APPRAISAL 
BACKGROUND 
The radiation therapy (RT) is utilized for sparing of surrounding healthy tissues while it 
maximizes the killing of cancer cells. This is also the aim of the radiotherapy. [40] 
Currently, internal and external radiation therapies are carried out using different linear 
accelerators offering high energy x-rays. External beam radiation therapy penetrates 
deeply into tissues for treatment of central parts of the body as well as with rational 
amount of dose to the superficial tumor. It is functional for different types of cancer and 
for some benign diseases too. It can be given with surgery or chemotherapy and radiation 
as a special treatment technique. It can also be used where cure is not concerned and main 
aim is to give relief such as curative or palliative treatment that is significant and is 
presently growing. [41, 42] 
While attempting to produce homogeneous dose distribution to all over the treatment 
volume, dosimetry and treatment planning are becoming tough due to differences in the 
size and shape of the body parts (lung, heart, kidneys, and prostate etc.). [42] External 
beam radiotherapy can be delivered either statically, using conventional or three 
dimensional conformal radiotherapy (3DCRT) or dynamically, using enhance dynamic 
wedges (EDW) or intensity modulated radiation therapy (IMRT). In dynamic treatment, 
multileaf collimator remains in motion while delivering the radiation to the tumor. [43, 
44] 
The techniques such as EDW, physical wedges (PW), IMRT and volumetric modulated 
arc therapy (VMAT) are most trendy techniques for the treatment of cancer in the modern 
world. These above said techniques are useful to deliver an accurate dose to the tumor 
and it depends on several factors. These may include percentage depth doses (PDDs), 
geometric, dosimetric accuracy, precision of the dose calculation methods, the quality of 
the radiobiological images, patient positioning, patient set-up during treatment and 
treatment planning process for the best optimal treatment plan. A medical physicist 
always concentrates on good quality equipments and software to suitable measurement 
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procedures for quality control. Image guidance, patient set-up verification and 
immobilization are essential for the accuracy of dose delivery. 
2.1 Literature review for verification of measured and 
calculated behavior of percent depth dose in external beam 
radiotherapy 
Dose calculation and treatment dosimetry always remained the most important part in 
radiation treatment planning to acquire an accurate dose delivery to the tumor volume. 
Although the computerized treatment planning system considerably lightens the dose 
calculation workload, it is still necessary to be aware of the methods used to store the 
basic information. Physicists are trying to develop new methods for the measurement of 
treatment factors in radiotherapy which increase patient survival and minimize morbidity. 
Apart from the accuracy of dose at a given point, the homogeneity of dose distribution in 
the tumor volume is also crucial for successful radiotherapy. In radiotherapy, many 
researchers performed studies on dose measurement and calculation in order to develop 
novel methods in dose calculation. [45, 46] 
A lot of treatment planning systems required TMR as input. 3D computer-controlled 
water phantom was used to measure these TMR. Still, we are unable to find any system 
which has TMR measurement option. Another way to measure TMR is manually, this is 
done by lowering the detector and elevating the water phantom with equal distance. This 
makes TMR measurement time consuming, so, many people derive TMR values from 
PDD curves. There are well-known alteration methods expressing TMR values in terms 
of PDD, Sp and inverse square law. [47] 
In external radiotherapy, the PDD is an important dose ratio for estimating patient dose 
and dose distribution in the target volume. Therefore, its exact measurement or 
calculation is important. The plan of this study is to appraise analytically the dose 
received from different points in a water phantom, and to compare it with calculated data. 
This study illustrates that as the photon beam energy increases, the surface dose 
decreases. The field size also increases due to the contribution of retro diffused electron 
in measured values. Furthermore, it is recommended that the formula used to calculate the 
PDD has approximately the same results with the measured data. So under any 
 39 
 
unavailability of dosimetry problem, the PDD can be calculated from that recommended 
formula. Overall good agreement was found between measured and calculated values. 
2.2 Literature review for percentage discrepancies assessment 
between measured and calculated behavior of percent depth 
dose in external beam radiotherapy 
Medical linear accelerators are playing important role in radiation centers all over the 
world. The specific radiation dose is applied to cancer patients for curative as well as 
palliative treatment. However, for each case, the prescribed dose ought to be delivered 
accurately both in quantity and quality. Over or under-dosing may be harshly destructive 
to the patient or may lead to unwanted outcomes. For accuracy concerns, supercomputers 
have been introduced in radiation therapy centers. These computers exploit commercial 
programs and algorithms for the management of model dose distributions within the 
irradiated part of the patient. [48, 49] 
In order to attain precise output from these modern facilities, physicists have to be fed 
with exact beam data measured from the modern treatment machines. Hence Medical 
Physicists are more concerned with quality assurance of accelerators and consistency of 
the radiation measurements. These measurements are based on daily, monthly and yearly 
procedures to assure accurate delivery of dose to the patient. International associations 
and agencies of physicists in medicine (such as AAPM and IAEA) from time to time 
produce updated publications of acceptable tolerance for mechanical actions and radiation 
field output. These publications are found to promise accomplishment of immense 
accuracy of dose delivery to the right body volume. [48, 49] 
Though, measurements of percentage depth dose (PDD) could be exaggerated by factors, 
which are not commonly taken into account. These contain the movement of water during 
PDD or beam profile measurements, predominantly when measuring surface dose and 
physical dimensions of the measuring apparatus such as the Ionization chamber or TLD. 
Direct formulas can also be sometimes used to determine vital radiation quantities. These 
formulas can be used when the other variable quantities are known. Monte Carlo 
simulations can be practical in calculating the amount of certain quantities such as PDD, 
beam profiles, flux and dose deliver to a definite position in the treatment room or within 
the patient. [50, 51] 
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Percentage discrepancies may exist in measuring devices or attributed to some issues such 
as movement of water during measurements. It is not understandable why such 
discrepancies subsist. Exactness in manufacturing may also have some major effects on 
accuracy. [6] Percentage discrepancies (PD) were found out between measured and 
calculated values. PD describes how much calculated values resemble to measured 
values. For the same depth and field sizes, PDDs found to minutely differ out from the 
both measured and calculated values at 6MV. PD ranged between a maximum of 2.38, a 
minimum of 0.010 with mean value of 1.24 for 6 MV. The existence of these 
discrepancies is not clear. It may depend upon some factors such as properties of 
measuring devices or some possible factors such as movement of water during 
measurements and it may be possible that there is a need to amend the formula which is 
used in this study to calculate PDDs. On the other hand, PD gradient was also calculated 
and found ranging between a maximum of 0.1386cm-1 and a minimum of 0.006cm-1 with 
a mean value of 0.0723cm-1 for 6MV. This work provides an alternative approach to 
radiation oncology physicists about the necessity of quality assurance and this ultimately 
improves the quality of the treatments. 
2.3 Literature review of physical and dynamic Wedges in 
Radiotherapy for Rectal Cancer: a Dosimetric Comparison 
Physical (PW) and dynamic wedges are normally useful to gain uniform dose distribution 
in the PTV and are useful in 3DCRT for the improvement of dose distribution in the 
patients. PWs wedge factors always depend upon the wedge material and its thickness, 
but wedge factors for EDWs are totally dependent on the relationship between the 
position of moving jaws and the delivered monitor units. These types of wedge shaped 
isodoses are utilized for general clinician circumstances that include slope of the patient 
surfaces, beams for the region of interests, and irregular-shaped tumor volumes. The 
isodoses were attained by different methods. The PWs were constructed in house for 
cobalt and other early accelerator machines. [52, 53]  
The dosimetry and commissioning of wedges were studied by different groups. 
Varatharaj et al [54] discussed dosimetric characteristics of a physical and EDW in their 
work, and infered that complete knowledge of the dosimetric characteristics is crucial in 
proper choice of wedge system. Moyed et al [55] investigated the implementation and 
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verification of virtual wedges in a radiotherapy treatment planning system, and 
demonstrated that it is possible to include constraints/checks on delivery of virtual wedge 
implementation. The efficiency of the treatment planning process is improved by 
including these constraints/checks in the virtual wedge implementation. 
Sendón Del Río et al [17] suggested a model that explored the observed behavior of 
virtual wedge factors and confirmed its dependence on dosimetric board. It has been 
explained how the balance among different contributions are responsible for virtual 
wedge factors values. Dennis et al [56] suggested that it is necessary to have knowledge 
of dosimetric parameters for the treatment planning of enhance dynamic wedges. These 
dosimetric parameters and their applications are evaluated and compared with open and 
wedge field dosimetric parameters. 
Although recent radiotherapy delivery techniques such as IMRT, VMAT and proton 
therapy, etc. are popular in a large number of cancer centers/hospitals within a reasonable 
time frame, Yet most of these techniques are only available in a small number of large 
centers/hospitals. However, wedge technique is still very common in radiotherapy as 
there is still a big population depending on this technique for the treatment of cancer cells. 
Wedges are a common, and comprehensive tool to control the intensity of the beam, 
hence to guarantee a desired dose distribution for the final approval of treatment plans. 
EDWs are further developed as in the beam modification accessories, but at the same 
time require extra care in quality assurance and dose calculation procedures. 
The purpose of this study is to compare the feasibility of the physical and dynamic 
wedges using dose-volume indices such as a dose conformity index (CI), dose 
homogeneity index  (HI) and dose uniformity index (UI). With our knowledge these 
indices are still not studied for wedge comparison. In this study, the PTVs from EDW 45o 
plans explained, well-organized and notable improvement in terms of target coverage and 
homogeneity as compared to other wedges. With less hot spot and high dose conformity 
in the target volume, the EDW 45o confirms a better 3D dose distribution in the PTV. Our 
study has shown the feasibility of achieving the desired dose distribution with EDW 45o 
plans. Collectively, this study suggests a dosimetric benefit of EDW 45o over other 
wedges and indicates the significance of EDW 45o in the treatment of rectum patients.  
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2.4 Literature review for treatment planning evaluation of 
sliding window and multiple static segments technique in 
intensity modulated radiotherapy 
The advent of inverse planning systems and methods for delivering non-uniform radiation 
intensities in the era of the IMRT represent the state of the art in the treatment of 
numerous cancers. IMRT modulates the beam to create a conformal dose distribution 
around the target, while minimizing dose near the healthy tissues and also rises up the 
dose to the tumor. IMRT plans also improve the conformity and homogeneity indices. 
[57] IMRT delivery has been urbanized of two types such as static known as (step and 
shoot), and dynamic (sliding window) methods. IMRT delivery can be made possible by 
using three types of options such as conventional MLC, binary MLC or physical 
compensators, but conventional MLC is the mainly frequently used.  
IMRT delivery using a conventional MLC involves either a segmental MLC (SMLC)- 
based or dynamic MLC (DMLC)-based approach. Although the former involves the 
delivery of radiation when MLC leaves are stationary, in the latter case MLC leaves move 
as the radiation is delivered. The major benefit of utilizing the DMLC is that the incessant 
leaf motion allows the delivered intensity to directly match with the optimal fluence 
calculated by the inverse treatment planning algorithm, precisely protecting both the 
spatial and intensity resolutions. On the other hand, an SMLC approach resembles a 
conventional multi-segmented treatment and requires approximating the intensity profile 
into discrete intensity levels, resulting in a lower resolution. [58] Numerous comparisons 
between the different delivery methods have been undertaken utilizing dose volume 
histogram (DVH) parameters to determine the superiority of any particular technique. 
[59, 60]  
Verification of SS IMRT may be suitable and is in principle less demanding than SW 
treatment. SS IMRT always requires more MU than SW IMRT technique, because the 
beam is kept on during the delivery of radiation. [61] The both delivery techniques have 
different leakage and scattered radiation. A variation in integral dose delivered to the 
neighboring tissues or the volume receiving low dose is therefore anticipated between the 
two methods due to the dissimilarity of required MU to deliver the similar prescription 
dose. Slosarek et al. have shown the minor differences such as SW IMRT is independent 
of the beam rate. [62]  
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Kry et al. explored in their study that SS IMRT requires 3.5-4.9% times more MU than 
that of other conventional methods. These values are expected to raise with the use of 
dynamic IMRT.  [63] Chui et al. have revealed that static IMRT requires 20% less MU 
than SW IMRT. [64] Alaei et al. have revealed SW IMRT requires 15% higher MUs than 
SS IMRT and SW IMRT requires 15% longer time than SS IMRT treatment. [65] That 
may escort to raise the low dose volume and risk of radiation induced malignancies. The 
issue of integral dose or the total cumulative dose received by tissues is clinically relevant 
because of the anticipated higher risk of second malignancies associated with a higher 
integral dose. [24, 66]  
The main objective of this study is to evaluate the effect of the two IMRT delivery 
techniques, SW and SS IMRT, using the Eclipse treatment planning system for PTV and 
healthy normal tissue surrounding the tumor-bearing area. 
This study shows that SW and SS IMRT have identical results related to the PTV 
coverage. PTV shows significant results in homogeneity index, uniformity index and 
D95% and non significant results for CI, Dmean, Dmax. SS IMRT needs less MUs for 
delivery of treatment as compared to the SW. The dose to OAR or healthy tissue is 
considerably lower in the SS IMRT than SW IMRT. It is concluded that deciding the 
IMRT delivery technique the concern about OARs volume received low doses in SS 
IMRT using Eclipse TPS. 
2.5 Literature review for dosimetric dependence on the 
collimator angle in prostate volumetric modulated arc therapy 
Volumetric modulated arc therapy (VMAT) has become a standard delivery option in the 
field of prostate radiotherapy, due to its shortened delivery time and the smaller monitor 
units (MUs), as compare to step-and-shoot intensity modulated radiotherapy (IMRT). [67-
69] Patient dosimetry between prostate VMAT and IMRT has been extensively studied, 
which reveals that prostate VMAT can produce comparable or even improved target 
coverage and normal tissues (bladder, rectum and femoral heads) sparing. [70-72] 
VMAT encloses more dose delivery parameters such as dynamic multileaf collimator 
movement, dose rate, and the gantry speed with single or multiple photon arcs in the 
treatment, [73, 74] which require a more powerful machine, patient quality assurance 
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procedures, dose calculation algorithm, and dosimetric evaluation for the treatment. [75, 
76] 
Elekta linear accelerator VMAT was available in 2008, [77] the only commercially 
available TPS was  ERGO++ at that time that required an early definition of sub-arcs, 
manual edition of MLC before automatic weight optimization and was not considered as 
a full inverse planning system. [78, 79] In December 2009, two manufacturers introduced 
a new system of VMAT delivery employing a VMAT treatment planning tool that was 
implemented in Oncentra with Master-plan v3.3 having VMAT application on a Synergy 
linac. Initially, the said combination applied used for a short amount of patients. [80, 81] 
Otto has stated [68] and later on approved [82] that a 45o collimator angle is superior 
dosimetrically in most cases. While, Bortfield et al. [83]  found that the superiority of the 
above collimator angle (45o) was ambiguous. Furthermore, Bortfield and Webb did their 
work with a 0o collimator angle for a 2D model. [28] Treutwein et al [84] concluded that 
the approximation was still effective for 4° gantry spacing and same passing rates were 
found for IMRT. The work of Feygelman et al. [85] and also put forwarded by Bzdusek et 
al. revealed that good dosimetric results were found with minimum calculation time for 4° 
gantry spacing. So, for the best maximum dose to the PTV and for good dosimetric 
results 4o gantry spacing was used in this study. 
Multileaf collimators (MLC) are the best tool for beam shaping, and an important way to 
minimize the absorbed dose to healthy tissue and critical organs. They have moveable 
leaves arranged in pairs that can block a certain part of the beam. Due to its ability to 
control leaf position and with a large number of controlled leaves, it can be used to shape 
any desired field. Its manufacturers have established the necessary mechanisms for 
precision, control and reliability, together with reduction of leakage and transmission of 
radiation between and through the leaves. Moreover, it provides precise dose delivery to 
any part or the treated volume, accurately. [86] 
For this collimator angle analysis, in addition to dosimetry (dose volume criteria, mean 
and maximum dose), CI, HI, GI and MU, comparison among different collimator angles 
such as 0o, 15o, 30o, 45o, 60o, 75o and 90o for smart arc VMAT have been scrutinized. The 
aim of this study is to find the best collimator angle for coverage of the PTV and sparing 
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of OARs. The results of this study will help to inform planners in choosing the 
appropriate collimator angle. 
2.6 Aims and Objectives 
The  aim of this dissertation is to improve the dose calculation accuracy and to ensure 
quality in the treatment plan. Therefore, this thesis concentrates on the investigation of 
dose distribution in treatment plans from the world of wedges to the advance delivery 
techniques such as IMRT and VMAT. Accurate treatment plan is created which must 
follow the AAPM and IAEA protocol. This treatment plan improves the quality as well as 
the survival rate of the patients.  
The dosimetric accuracy requirement is investigated using different wedges at different 
angles evaluating the treatment plan parameters to increase dose efficiency for 
radiotherapy of rectal cancer. Dose distribution stresses for high stage of dosimetric 
accuracy that can be achieved using PDDs, for this reason verification of PDDs are done 
between measured and calculated doses in three dimensional conformal radiotherapy. 
Percentage discrepancies (PD) are  also examined between the measured and calculated 
behavior of PDDs in external beam radiotherapy. These are important while delivering 
the exact dose in radiation therapy centers. 
As the accuracy demand is increasing day by day, so, treatment techniques are also 
improving significantly. For more accurate dose conformity and delivery, IMRT has been 
studied for step & shoot and sliding window techniques at different beam directions. The 
IMRT techniques remain good for PTV but OARs are reduced in step & shoot technique. 
Understanding of collimator angle is most important for PTV and OARs sparing for 
planner because optimization contains several treatment constraints producing a complex 
and  computationally challenging problems during its examination of optimal plans in a 
balanced time. Different treatment plans are investigated for VMAT to find the best 
appropriate collimator angle for coverage of PTV and sparing of OARs in prostate 
radiotherapy.  
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2.7 Hypothesis 
Different radiotherapy techniques such as 3DCRT, IMRT and VMAT for dose 
distribution and calculation may be helpful while delivering the medical dose in radiation 
therapy centers. In the study of 3DCRT, EDW 45o may also be helpful for treating CA 
rectum patients. During IMRT study, it was found that SS-IMRT can also be supportive 
for OARs during the treatment of prostate cancer. The dosimetric results of VMAT study 
may provide guidance to physicists for making careful decisions on implementing of 
suitable collimator angles to improve the PTV coverage and OARs sparing. 
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Chapter No. 3 
MATERIALS AND METHODS 
3.1 Treatment planning systems 
The treatment planning systems used in this study were pinnacle and eclipse.  
3.1.1 Pinnacle treatment planning system 
Pinnacle treatment planning system has become the most advanced and efficient system 
in the world due to its quick, precise and  interactive planning tools and IGRT. It is 
equipped with different tools  for planning like brachytherapy, image fusion, IMRT etc. 
on a single platform. The dose calculation method in this system is collapsed cone 
convolution superposition (CCCS), that is the most precise method now-a-days in the 
world. It is equipped with model based software containing an anatomical organ structure 
library of patients, that is helpful for the oncologist to contour fast. For the decision of the 
extent of organ motion IGRT workflow is also enhanced by a software. Its visualization 
tools are very powerful, that help its crisp volumetric rendering. It is a  skill to work out 
and render the image information in the time data set accessible. [87]  
It has 3D data set that provides voxel based information to visualize actual patient 
anatomy. It is helpful to visualize 3D structures like skin and bone. Its application is very 
simple and systematic to understand easily. It is influential technology, its steps for 
planning are the name of regions of interest, automatic isocenter placement, graphics with 
beam angles, orientation of the gantry, couch and collimator, contains blocks that have 
automatic margins, MLC, having dosed grid resolution, prescribed treatment, DVH setup 
and isodose normalization. It has ability for plan modification, optimization, 3D dose 
clouds and DVHs. If the plan has to be changed due to certain reason, then only altered 
beams need recalculation. Single display is applied to the view of single or multiple trails 
and beam weights are easy to compare and to modify. Its networking is so powerful that 
its information can be shared from one computer to another computer or hospital. [87] 
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3.1.2 Eclipse treatment planning system 
Eclipse is an absolute TPS that creates simpler new radiation therapy planning for each 
kind of treatment, such as 3DCRT, IMRT, electron, photon and brachytherapy. It contains 
a very simple function, owing to its simplicity, it is extremely supportive to medical 
physics staff and physicians to verify the treatment planning of the patients. Its design 
meets the requirements of modern clinics and developing technologies in the world by 
supporting modern processes like IGRT and dynamic adaptive radiation therapy. It 
provides solution of precise and accurate treatment planning that permits clinicians to 
rapidly customize treatment plans for any disease site. [88]  
With Eclipse, the radiation therapy team can efficiently plan and deliver the best course 
of treatment for each patient. Initial commissioning, a typically time-consuming task for 
the physics staff, is considerably faster and simpler with Eclipse. Integrated plan 
verification and quality assurance tools speed ongoing treatment planning and beam data 
validation, saving time for physicists. For example, with the portal dosimetry option, the 
physics time required for IMRT pretreatment verification is reduced to less than 20 
minutes per patient compared to hours with film. High-resolution IMRT treatments 
planned using Eclipse can typically be delivered in a normal 15-minute time slot on a 
Varian Clinac linear accelerator. [88] 
For RapidArc, IMRT, 3D conformal, and proton therapy planning, segmenting organs at 
risk and accurately delineating target volumes are critical. The powerful contouring tools 
in Eclipse reduce structure segmentation time from hours to minutes. Clinicians can 
accurately define targets and organs-at-risk on fused multimodality images with advanced 
drawing and editing capabilities. Enhanced templates and powerful post-processing of 
structures accelerate the contouring process. [88] 
Advanced algorithms in Eclipse accurately and quickly calculate dose distributions for 
photons, electrons, protons, and brachytherapy. With the combination of modular 
algorithms and the flexible architecture of Eclipse, clinicians can select the optimum 
algorithm for each treatment modality. The clinician can rapidly customize IMRT plans 
using the interactive dose-volume optimization. A flexible calculation framework 
increases efficiency in the treatment planning process, particularly in a distributed 
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planning environment. Specialized beam data analysis tools reduce the time for 
commissioning. [88] 
The best plan is selected by the team for comparing different treatment plans using 
different modalities. In this system, clinicians join and compare the plans by different 
candidates and select the best one using the best tools of the TPS. These plans in the TPS 
can be circulated anywhere or anytime in the hospital for speeding up the treatment 
planning process. These are also helpful to speed up the commissioning process as it is 
good for  rapid import of data, automatic configuration and integrated beam data analysis. 
The TPS advantage over all others is easily maintained by integrating data checks, beam 
data approval, and portal imaging pretreatment confirmation. Moreover, quality assurance 
process for planning is easy and the transfer of DICOM to third party system becomes 
convenient. This system is extremely supportive for medical physicists, dosimetrists, 
administration and radiation oncologists.  [88] 
3.2 Linear accelerators 
 
The linear accelerators applied in this study were Varian Clinac and Elekta synergy.  
3.2.1 Clinac platinum linear accelerator 
Clinac linear accelerators are elevated and dynamic in treatment control performance 
systems. It contains the maximum number of energy alternatives to treat the widest range 
of patients and has more accurate focal spot size for portal imaging. For superior 
throughput, it has maximum dose rates across the energy spectrum. Most advanced IMRT 
treatments can be done by using its outstanding furnished multileaf collimation and 
electronic portal imaging as shown in figure 19. [89] 
Features and capabilities 
 
Clinac is equipped with two photon beam energies and its dose rate can be selected up to 
a 600MU / min. It is also furnished with electron applicators for the delivery of the 
electron beam. Isocentric alignment is done by varying the gantry, collimator angles, 
couch rotation and different imaging positions. One of its abilities is that its plans are 
reproducible, constant, having an accurate machine positioning. It contains different 
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modes of clinical procedures such as high dose, total skin electron mode and body X-ray 
mode. This system is also equipped with EDW. The advantages of EDW include saving 
treatment time, increasing the clearance distance between patient and linac gantry, 
eliminating the radiation beam hardening effect and providing greater dose homogeneity, 
avoiding neutron activation reaction by high energy photon beams. On the other hand, its 
drawbacks include no instantaneous profile of a dynamically wedged field and strong 
field size dependence, etc. There is a dynamic procedure mode for photon arcs. One of its 
optional features is the MLC resolution choice available in the market. Respiratory gated 
systems can be handled by using its time management system. It also contains KV 
imaging system, verification and quality assurance pretreatment procedures. [89] 
 
 
Figure 19: A Clinac linear accelerator [89] 
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In KV imaging systems, cone beam computed tomography (CBCT) is a medical imaging 
technique consisting of X-ray computed tomography where the X-rays are divergent, 
forming a cone. [90]  
CBCT has become increasingly important in treatment planning and diagnosis in implant 
dentistry, interventional radiology (IR), among other things. Perhaps because of the 
increased access to such technology, CBCT scanners are now finding many uses in 
dentistry, such as in the fields of endodontics and orthodontics, as well. Integrated CBCT 
is also an important tool for patient positioning and verification in image-guided radiation 
therapy (IGRT). During dental imaging, the CBCT scanner rotates around the patient's 
head, obtaining up to nearly 600 distinct images. For Interventional Radiology, the patient 
is positioned offset to the table so that the region of interest is centered in the field of 
view for the cone beam. A single 200 degree rotation over the region of interest acquires 
a volumetric data set. The scanning software collects the data and reconstructs it, 
producing what is termed a digital volume composed of three-dimensional voxels of 
anatomical data that can then be manipulated and visualized with specialized software. 
[91, 92]  
3.2.2 Elekta synergy linear accelerator 
Elekta synergy introduced firstly the line linear accelerator that has 3D image guidance in 
treatment planning set up. This system is equipped with imaging tools that help the 
clinicians to visualize tumor targets, normal tissues and their movement during fractions. 
The Elekta Synergy gantry facilitated the  physicians to perform imaging with the patient 
in the treatment place at the time of optimization before therapy. For soft tissue 
visualization, it contains imaging tools such as 3D and 4D volumetric cone beam, 2D real 
time, fluoroscopic like imaging for targets that can go normally and KV imaging for 
typical and orthogonal planar imaging. It also features such as complicated ultra-low 
leakage field shaping with entirely integrated multileaf collimator and continuous field 
size of 40 × 40 cm to make simpler and purify treatment of larger field targets. [93] 
The entire potential of the stereotactic radiosurgery (SRS) and stereotactic radiation 
therapy (SRT) for small field lesions and tight tumor margins were bounded due to the 
movement of organ uncertainty. The Elekta IGRT system deals with an organ movement 
challenge by integrating an imaging workflow into the system. These devices can be 
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helpful for sketching images before therapy in the treatment position. It also includes the 
tools such as 3D volumetric cone beam imaging for soft tissue visualization, fluoroscopic 
imaging for targets in motion, 2D KV for planar imaging that enhances the clinician 
confidence level in the SRS and SRT delivery as shown in figure 20. [93] 
 
Figure 20: Elekta synergy linear accelerator [93] 
 
Imaging workflow combined with advanced patient immobilization technology gives 
precision to trim down margins and boost the dose to the smallest targets. Beam 
modulators are also used to achieve higher precision, offer fine field shaping capabilities, 
entirely interdigitating leaves and entire integration with the treatment system. The other 
ability is to treat the critical structure to low leakage and tight penumbra. Intelligent beam 
shaping is progressing day by day and is truly multifunctional in this linear accelerator. 
Agility is next generation, high resolution beam shaping solution from Elekta. Agility is 
designed to meet the needs of the modern radiotherapy technology and is built on a strong 
understanding of factors which are critical to patient plans. For accurate beam shaping, 
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Rubicon optical leaf positioning provides the best solution for digital controlling all the 
leaves and leaf. Less than 0.5% leaf transmission enhances treatment delivery while 
reducing the integral dose. [93] 
3.3 Dose calculation algorithms  
The central procedure in radiation therapy is the accurate and precise dose calculation in 
3D dose distribution within the patient. It produces a link between treatment parameters 
and observes clinical results for the specified treatment techniques.  [13] 
The most important feature in the modern dose calculation algorithms that it has high 
speed and high accuracy. Approximately all the new developments in dose algorithms are 
mainly focused on the tissue heterogeneities issue, while for a number of clinical cases 
with same homogenous tissues exiting, simple dose calculation methods are practiced. 
[13] The dose calculation algorithms used in this study are pencil beam and adaptive 
convolve (AC).  
3.3.1 Pencil beam dose calculation algorithm 
The Pencil beam algorithm is dose calculation technique which presumes that any 
collimated photon beam incident on the patient is actually a conglomeration of lots of 
smaller and narrower “pencil beams”. Each of these pencil beam has a central axis ray 
along which it puts down equal dose. The dose deposition model varies with the intensity 
and the spectrum of the beam that is incident on the patient. The understanding and 
weighting are defined by the field shapers such as linac jaws, blocks and multileaf 
collimators. Where the linac beam profile is non uniform or modulated the weighting of 
every pencil beam is accustomed approximately. In practice this weighting contains the 
primary photon intensity at the entrance point on the patient and also electron 
contamination. The total incident energy in the pencil beam is referred to as the primary 
energy fluence. Here we should start by idea regarding just one pencil beam in isolation. 
[94] 
This pencil beam has small diameter at the surface when that pencil beam hits the surface, 
then there will be dose deposited under the surface (like water phantom). That dose will 
have a specific spatial distribution in the water, and it will take place according to the 
basic scattering and absorption processes that the photons and secondary electrons 
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undergo. It means, it will be spread out. This teardrop/pear-shaped distribution of dose 
arising from a pencil beam incident on an absorber is referred to as the pencil beam dose 
kernel or simply the dose kernel. The dose kernel can be considered as merely the isodose 
plot arising from one infinitely narrow pencil beam of photons. To know about the dose 
kernel that how it looks like. While in principle it might be probable to set up an 
experiment with a very small collimator and use very small radiation detectors to map out 
the resulting dose distribution in water, or a few other phantom material, in practice this is 
a multifaceted responsibility. [94] 
The more frequent and more precise approach is to use Monte Carlo simulations to 
calculate what the dose distribution from a pencil beam in water would be. These 
simulations also permit us to generate dose kernels for different photon energy spectra 
very simply. We can calculate the total dose for radiotherapy beam by taking doses 
kernels as a little table of dose values representing the dose at each point in space around 
the incident pencil beam. In order to get the dose distribution for the whole radiotherapy 
beam, it needs to add up the dose contribution to each point from each of the adjacent 
pencil beams, which make up the whole beam. The volume of the patient is divided up 
into dose voxels (sometimes called a “dose grid”) and the tabulated dose values for every 
pencil beam kernel are placed over on these. At every voxel in the volume the dose 
contribution from all the neighboring pencil beams is summed up to calculate the total 
dose at that point. This calculation process is called superposition. [94] 
 
Real patients have inhomogeneities. By this we mean that different parts of the anatomy 
have different densities (bone, lung, airways, muscle, etc.). Different densities lead to 
different photon attenuations and dose absorptions. To be useful the pencil beam 
calculation needs to take this into account. Based on the planning CT image dataset, the 
density of each voxel in the patient is known. The pattern of dose deposition for each 
pencil beam ( I.e., the “dose kernel”!) can be modified to take these density changes into 
account. Using the total density of all the material between the point of incidence of the 
pencil beam and the voxel where we wish to know the dose a scale factor is derived to 
“stretch” or “squash” the shape of the pencil beam dose kernel. It stretches if the density 
has been reduced (like with lung), or squashes if the density has been increased (like with 
bone) In a region of low density the pencil beam dose kernel would in effect be 
elongated, whereas in a high density region its dimension would contract to account for 
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the higher attenuation coefficient. These corrections are applied to the dose kernel for 
each pencil beam depending on the local density variations that affect that pencil beam. 
After that, the same superposition process of summing up the contributions to each voxel 
from all the nearby pencil beam kernels is followed. Despite these corrections the pencil 
beam algorithm still suffers from inaccuracies around inhomogeneities. [94] 
3.3.2 Collapsed cone convolution superposition 
 
The Collapsed Cone Convolution Superposition (CCCS) is a dose calculation algorithm 
that basically handles the effect of patient heterogeneity on both primary and secondary 
scattered radiation. This computational method is inherently able to account for dose 
distributions in areas where the electronic equilibrium is perturbed, such as tissue-air 
interfaces and tissue bone interfaces. Collapsed Cone (CC) uses a convolution technique 
between TERMA and a dose deposition kernel. The algorithm uses an approximation 
where all energy inside a specified solid angle will be transported along a line. In certain 
cases the choice of dose calculation algorithm is very important. [95, 96] 
3.4 Phantoms 
The phantoms used in this study are water phantom and Harold phantom. Most suitable 
set of treatment planning parameters is chosen for determination of dosimetric 
characteristics of all radiation beams. Percentage depth dose data of diagnostic X ray are 
very imperative in evaluating patient dose from the medical exposure. [97] In radiation 
therapy, penetration power expresses the quality of the  radiation beam, that is actually 
the function of mean photon energy, and might be entirely explained by its depth dose 
characteristic in water [98] but an increment in surface dose with field size is also taken 
into account due to electron scattering from intervening materials. [99]  
3.4.1 Water phantom 
A. Water tank 
A very large water tank is suitable for very large field size measurement as shown in 
figure 21. There are three types of beam incident vertical, horizontal and oblique. The 
range of horizontal detector is 600 mm × 500 mm with a vertical range of 407.5 mm. It 
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has 20 mm thick acrylic walls. Stepper motors are used to adjust the distance between the 
linear accelerator and water surface. [100] 
 
Figure 21: A water tank [100] 
High detector moving speed (50 mm/s) was used for high positioning accuracy of 
±0.1mm. The stepper motors are not calibrated regularly as were calibrated in analogue 
device. To preserve position accuracy during motion and to minimize water perturbation, 
stainless steel is used. The tank is made as to release water very quickly into water 
reservoir T43163. This delivery includes a connection box mounted to the tank, a spirit 
level and an ion chamber adjusting device. MEPHYSTO software and TBA electronics 
are required to operate the tank. [100] 
B. PTW farmer ionization chambers 
These timber chambers are utilized for measuring high energy photon and electron 
radiation in air or in phantom materials as shown in figure 22. PTW farmer chambers are 
sketched for electron and photon dosimetry. [100] 
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Figure 22: PTW ion chamber [100] 
For measurements in air or solid state phantom, materials of three different types of 
chambers are used frequently. One type of farmer chamber is 30010 and its wall material 
is made of graphite with acrylic cover, and its electrode is made of aluminum with 
photons range of 30 kV to 50kV. The second type of farmer chamber is 30011 and has 
graphite walls and electrodes with a photon range of 140 kV to 50 MV. The third type of 
farmer chamber is 30012 and its wall is made of graphite and electrodes of aluminum 
with a photon energy range of 60 kV to 50 MV. The farmer chambers have an electron 
range of 10 Mev to 45 Mev. owing to graphite caps the first and second chamber should 
be used very carefully. The volume of the chamber can be measured with the guard rings 
in all types of chambers. [100] 
C. Electrometer 
UNIDOS has been accepted as the best dosimeter of choice as shown in figure 23. It 
contains modern network features and high precise reference class dosimeter. It offers 
high superiority, consistency and outstanding acceptance to measure tasks. It is used for 
remote access and email capability due to ethernet interface to the TCP protocol. Its 
operational language can be selectable. [100] 
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Implementation of static and data logging function is comprehensive. The list can store up 
to 100 measuring values. Another facility is that the data can be reviewed and exported. 
Statistical parameters such as mean value and the relative standard deviation can be 
displayed on measuring screen. Chamber library is used to store chamber data. 
Radioactive check devices are applied for air density correction in air pressure and 
temperature. These checked device data are stored in a database with an international 
clock that calculates the isotope radioactive decay. [100] 
 
Figure 23: PTW  electrometer [100] 
 
3.4.2 Harold phantom 
 
The phantom represents a two-fold evolution in design: (1) from 2D (cylindrically 
symmetric inserts) to fully 3D (spherical inserts); and (2) from designs that are 
exclusively qualitative (e.g., anthropomorphic) or quantitative (e.g., test patterns) to a 
design that combines quantitative tools in a semi-realistic anatomical context. A 
humanoid male phantom (1.75 m tall; 73.5 kg) was constructed as follows: (1) design, (2) 
material formulation, (3) material testing for CT number and uniformity, (4) fabrication 
of modules, (5) module testing for CT number and uniformity and (6) assembly. Arms 
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and legs were excluded (figure 24 (a)) beyond the mid-humerus and mid-femur, 
respectively. 
 
 
Figure 24: (a) Snap of the phantom (b) Diagram of the five internal modules, together with the head, 
left lung, right lung, liver and abdomen/pelvis [90] 
 
The phantom consists of a body and a head, constructed with a natural human skeleton 
and five primary modules: (1) head, featuring contrast-detail spheres approximate to brain 
lesions; (2) left lung, featuring contrast-detail spheres approximate to lung nodules; (3) 
right lung, an accessible hull in which devices may be placed and manipulated; (4) liver, 
featuring contrastdetail spheres approximate to metastases under contrast uptake and (5) 
abdomen/pelvis, featuring simulated kidneys, colon, rectum, bladder and prostate (figure 
24 (b)). This phantom included commercially available materials and plastic spheres like 
Teflon, acrylic, nylon, polyethylene and polypropylene as far as possible. [101] 
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The construction and design of phantom are helpful for advanced imaging techniques 
such as CT, cone beam CT, flat panel detectors like dual imaging and tomosynthesis. The 
phantom includes frequent design criteria that succeeds over the insufficiency of existing 
designs; its inserts are 3D spherically symmetric, its modules are quantitative that 
represents objects of known size and attenuation for QA, its features include uniformity. 
The phantom permits devices to be placed and controlled in an available module like right 
lung that are designed to hold up a range of theory resting tasks. [101] 
3.5 Dose volume histogram (DVH) 
 
A dose volume histogram (DVH) relates the radiation dose to tissue volume in radiation 
therapy planning. It was firstly introduced by Micheal Goitein and Verhey in 1979 in a 
publication by Shipley et al. The idea of DVH is to summarize the 3D dose distribution in 
a graphical 2D format. In modern radiotherapy, 3D dose distribution is normally created 
in a computerized TPS based on 3D reconstruction of CT scan. The volume referred in 
the DVH analysis can be a target of radiation treatment, a healthy organs close to the 
target or an arbitrary structure. It can be visualized in two ways: differential DVH and 
cumulative DVHs. It can be created by determining the size of the dose bins of the 
histogram. A bin can be a random choice, e.g. 0-1 Gy, 1.001-2 Gy, 2.001-3 Gy, etc. In 
differential DVH, bar or column height shows the volume of arrangement receiving a 
dose specified by the bin. These doses are along the horizontal axis, whereas structure 
volumes (could be either percent or absolute) are on the vertical. [102] 
Its appearance looks like a typical histogram. Cumulative DVH is plotted with bin doses 
along the horizontal axis, as well. Still, the column height of the first bin (0-1 Gy, e.g.) 
symbolizes the volume of the structure receiving greater than or equal to that dose. The 
column height of the second bin (1.001-2 Gy, e.g.) represents the volume of the structure 
receiving greater than or equal to that dose, etc. With very fine (small) bin sizes, the 
cumulative DVH takes on the manifestation of a smooth line graph. The lines always 
slope and start from the top-left to bottom-right. [102] 
For a structure receiving a very homogenous dose—100% of the volume receiving 
exactly 10 Gy for example the cumulative DVH will appear as a horizontal line at the top 
of the graph, at 100% volume as plotted vertically, with a vertical drop at 10 Gy on the 
 61 
 
horizontal axis. Cumulative DVHs are devastatingly used and preferred to differential 
DVHs. The DVH is everywhere in the medical specialty of radiation oncology. A DVH 
clinically includes all structures and targets of interest in the radiotherapy plan, each 
plotted a different color representing a different structure. 
A drawback of the DVH methodology is that it offers no spatial information; i.e., a DVH 
does not show where within a structure a dose is received. Also, DVHs from initial 
radiotherapy plans represent the doses to structures at the start of radiation treatment. 
[102] 
3.6 Materials and methods for verification and percentage 
discrepancies assessment between measured and calculated 
behavior of percent depth dose in external beam radiotherapy 
Verification and percentage discrepancies were carried out on a PTW scanning water 
phantom (40 cm × 40 cm) with ionization chamber having active volume of 0.5 cm3 and a 
electrometer is also connected. The ionization chamber was installed in the moveable 
sampling holder of the phantom as shown in figure 25. Another chamber was fixed on the 
phantom as a reference chamber. The Varian medical accelerator 2100 C/D having a mix  
(6 MV and 15 MV) energies were used. The field chamber was moved when the radiation 
was “ON” and reference chamber was fixed. The output was read out on the electrometer 
and then the ratio of both chamber readings was used to make the PDD or dose profile 
data. The peak absorbed dose on the central axis occurs at the end of the build up region. 
By definition the PDD is [103] 
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Where  
dD  Dose at depth  
maxD Depth of maximum dose 
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Figure 25: Set up of water phantom and ionization chamber with the Varian 2100 C/D [104] 
  
Dosimetry shows that the PDD initially increases rapidly until the depth of the maximum 
dose is attained. Outside of this, the dose decreases slowly with depth. This study is 
confirmed by calculating the PDD by using the formula. [7] 
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d  = depth,  
dr Field size at reference depth 
ot Reference depth at maximum dose 
)( dp rS Phantom Scatter factor at reference depth d  
)( top rS Phantom Scatter factor at reference depth at maximum dose 
By comparing the dosimetry and calculated data some statistical parameters were used 
such as standard deviation and t-test.  
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iX  Individual value of data 
 
n
X
X
n
i
i


 1  
Student’s t-distribution 
2
2
2
1
2
1
21
n
S
n
S
XX
t


 ........... (12) 
The standard deviation and t-test (Equation 4) show that the difference between measured 
and calculated values is within acceptable range according to the ICRU reports. 
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Percentage Discrepancies (PD) between PDD values for measured and calculated values 
were calculated using the following formula. [105] 
)13........(..........%.........100


Measured
MeasuredCalculated
PDD
PDDPDD
PD  
3.7 Materials and methods for physical and dynamic wedges in 
radiotherapy for rectal cancer: a dosimetric comparison 
A Varian 2100 C/D linear accelerator was exercised to generate radiation beams. All 
rectal treatment plans were generated on the Eclipse TPS having pencil beam algorithm to 
calculate MUs and dose distributions. Absolute dose measurements were carried out with 
the help of a cylindrical ionization chamber N30001 made in Germany, which was 
calibrated at dosimetry calibration laboratory “PINSTECH” (Pakistan Institute of Nuclear 
sciences and technology). In our hospital, the calibrated output is used to be 1cGy = MU 
to water with a field size of (10 cm × 10 cm) and SSD of 100 cm with detector at a depth 
of highest dose. 
Thirty patients were chosen for the analysis. All patients were planned to receive a three-
field conformal radiotherapy. By taking CT-simulation in a prone position the field 
orientations used for the MUs delivery were posterior and two laterals. The energy 
utilized to deliver MUs from posterior and both lateral fields were 6 and 15 MV, 
correspondingly. The PDDs of x-rays at a depth of 10 cm were 66.6% and 77.8% for both 
energies correspondingly. TG-51 protocol was utilized to measure these values at SSD of 
100 cm. [49] Weights of both lateral beams were adjusted according to the dose coverage.  
All dosimetric parameters were appraised qualitatively and quantitatively using standard 
dose volume coverage, dose homogeneity, dose uniformity and dose conformity. Target 
planning coverage was evaluated as the percentage of PTV receiving at least 95% of the 
prescribed dose TV95 (%). Dose uniformity was judged quantitatively by uniformity 
index (UI) and  defined as:  
)14........(....................
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where D5% and D95% are the minimum doses delivered to 5% and 95% correspondingly of 
the PTV.  
Dose homogeneity was assessed quantitatively using the HI as:  
)15........(....................
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  
 
Where D1% and D99% are the doses delivered to 1% and 99% volume corresponding to the 
PTV. [106, 107]. More homogenous dose distribution in PTV corresponds to smaller HI. 
The confirmation of target planning coverage was estimated using the CI as defined by 
the formula: 
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The 95% isodose volume was taken as a reference volume of the PTV. [108, 109] The CI 
value varies between (0 and 1) and a value 1 is for an ideal plan.  
In addition, the mean and maximum doses to the PTV, and the dose to 1% of target 
volume D1% were calculated to appraise targeted coverage, the values of above 
parameters of all cases planned for PWs and EDWs at wedge angles of 45o and 60o were 
compared with the assist of DVH. The prescription dose was 180 cGy in 28 fractions for 
all cases. The statistical package for social sciences (SPSS) was applied to all treatment 
plans. Statistical tests for all comparisons were performed using the F-test which was 
used to find out the response of all dose parameters by differentiating its significance and 
non-significance behavior. After checking significance, standard deviation (SD) was 
applied in choosing the best wedge on the basis of the low value of SD.  
3.8 Materials and methods for the treatment planning 
evaluation of sliding window and multiple static segments 
technique in intensity modulated radiotherapy 
IMRT treatment plans were generated with the help of Eclipse radiation treatment 
planning system that utilizes a convolution algorithm and Helios inverse planning 
software for optimization and isodose distribution. A Varian 2100 C/D with 120 leaf 
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millennium MLC was employed to deliver the treatments. The cylindrical ionization 
chamber N30001 made by Germany was utilized to measure absolute doses. 
In our hospital (SKMH), the calibrated output is adjusted to be 1 cGy = MU to water with 
a field size of 10 cm × 10 cm and SSD of 100 cm with the detector at the depth of the 
highest dose according to TG-51 protocol. [49] Different beam directions (five, seven, 
nine and thirteen) were utilized to plan thirteen patients on 15MV X-ray.  
The MapCHECK of sun nuclear was utilized for the verification of SW and SS IMRT 
techniques owing to its easy and urgent read out of the results. Gamma criteria of 95% 
pass at ±3%/±3 mm utilized for the acceptability of the delivered plan. [37] Prostate 
patients were treated to 50 Gy in 25 fractions of 2 Gy in 7 weeks in conventional 3 DCRT 
while the boost was given by IMRT in 2 Gy in 8 fractions. 3D image was taken by using 
thickness of 5 mm of CT images at dissimilar transverse sections away from mid plane. 
Partial rectum and partial bladder were created by subtracting the bladder and rectum 
from PTV using a Boolean operator. All plans with SW and SS techniques of IMRT were 
produced with the similar CT data set at the same structures. The five field IMRT plan 
was generated of each patient for SW and SS techniques at gantry angles of 135o, 75o, 0o, 
285o, and 225o. The seven field IMRT plan for SW and SS techniques had gantry angles 
of 180o, 105o, 60o, 30o, 330o, 300o, and 255o. The nine-field IMRT plans for SW and SS 
techniques had gantry angles starting with 0o and ended at 320o with the addition of every 
40o. The thirteen field IMRT plan for SW and SS techniques had gantry angles of 160o, 
130o, 110o, 80o, 60o, 40o, 0o, 320o, 300o, 280o, 250o, 230o, and 200o. [110] . 
Different constraints were employed to get possible lower doses to critical organs without 
compromising the planning target volume coverage of at least 95% dose to 95% of PTV 
volume. This work was also projected to furnish Monitor units, DVH comparisons among 
several fields and exercised DVH to calculate Dmean, Dmax, D1%, D95%, UI, CI and HI for 
dose coverage of PTV and Dmean, Dmax, D15%, D25%, D35%, D50% volume of the organs-at-
risk were analyzed for the critical organ sparing. To evaluate the target coverage and 
normal tissue sparing the subsequent features was utilized. The UI was defined as:  
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where D5 and D95 are the lowest doses delivered to 5% and 95%, correspondingly, of the 
PTV. [111] The homogeneity index was defined as: HI = D1% − D99% prescription · dose 
where D1% and D99% are the doses delivered to 1% and 99% volume, correspondingly, of 
the PTV. [106, 107] 
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The conformity index was calculated by the formula:  
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The 95% isodose volume was taken as a reference volume of the PTV. [108, 111]  
In addition, the mean and maximum doses to PTV, percentage of target volume receiving 
at least 95% of the prescribed dose D95% and the dose to 1% of target volume D1% were 
calculated to assess a target coverage. Sparing of OARs was appraised by evaluating 
maximum and mean doses between the two delivery methods. Doses of 15%, 25%, 35% 
and 50% volume were calculated for OARs receiving a dose superior than the accepted 
boundary and compared. The above parameters (UI, HI, CI) values of thirteen cases 
planned by the SW and SS techniques of IMRT for different field orientations were 
compared. Statistical analysis was executed on DVH with a two tailed paired t-test. A p-
value of <0.05 was considered statistically significant. 
3.9 Materials and methods for dosimetric dependence on the 
collimator angle in prostate volumetric modulated arc therapy 
A. Planning schemes 
 
This study was established in order to compare the dose distribution among different 
collimator angles (0o, 15o, 30o, 45o, 60o, 75o and 90o) focusing on the PTV and OARs. For 
each change of collimator angle, a new plan was re-optimized for that angle. The 
prescribed dose was 78 Gy per 39 fractions. The treatment plan was not changed for each 
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angle, only repeated by changing the collimator angles. The prostate Harold phantom 
developed by Chiarot et al. [101] was used for this study. Computed tomography (CT) 
images (2 mm slice thickness and slice interval) were taken from the Toshiba scanner 
(Aquilion ONE TSX-301A; Toshiba medical systems, USA) containing 512 × 512 pixels 
in each slice. The Harold phantom was irradiated by a 120 kV photon beam with 300 mA 
current perpendicular to the phantom surface. After the CT simulation, digital imaging 
and communication in medicine (DICOM) CT images were transferred to the Pinnacle 
treatment planning system (TPS) for contouring and planning preparation.  
The rectum, bladder, PTV, and femoral heads were contoured on the TPS. The whole 
prostate was assigned as gross tumor volume (CTV). The PTV was drawn by expanding 1 
cm around the CTV in all directions uniformly except in the Posterior direction, where an 
expansion of 0.7 mm was performed for a total contoured volume of 85.89 cm3. The 
bladder, rectum, and femoral heads have contoured volumes of 59.83 cm3, 36.26 cm3 and 
166 cm3, respectively. 
B. VMAT plan and treatment delivery 
For planning the data, a Synergy S® linear accelerator with an energy of 6 MV, equipped 
with beam modulator head, an iViewGT electronic portal imaging tool, and on board 
cone beam CT XVI was utilized for VMAT delivery. There were no moveable jaws and 
the maximum field size was 16 cm × 21 cm. The maximum variable dose rate for each 
VMAT plan was 600MU/min and the gantry was rotated from 180o to 179.9o in the 
clockwise direction with 91 control points. 
Smart-arc prostate VMAT plans were generated on Pinnacle (Philips, Version 9.2.0, 
Fitchburg, WI, 53711-4910, and U.S.A) with ACQSim3TM and were optimized with the 
direct machine parameter optimization algorithm. The isocenter was positioned at the 
center of the CTV and plans were set up in 39 fractions for 78Gy minimum doses to the 
CTV. All calculations were performed using adaptive convolve (AC) having a calculation 
grid spacing of 0.25 cm. In order to make fair comparisons, no modification was done 
throughout the optimization to the dose-volume constraints and weighting. 
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C. Dosimetric evaluation 
The dosimetric comparison was carried out using the following parameters such as D99%, 
D95%, D5%, maximum dose (Dmax), mean dose (Dmean), CI, HI, GI and MUs for the PTV for 
collimator angle as shown in table 1. 
By definition, RTOG CI (98) is the volume of the target receiving > 98% of the prescribe 
dose divided by the volume of the PTV which has an optimal value of 1.  HI is defined as 
the dose received by 5% of the dose) as shown in equation (20). [112] 
)20........(....................%95%5
meanD
DD
HI

  
GI is defined as the ratio of volume covered by at least a given percentage of the 
prescription dose. [113] Mathematically, GI in this study is expressed in (21) as: 
)21........(....................
100
50
V
V
GI   
Where V50 is the volume covered by the at least 50% of the prescription dose. A value 
closer to unity represents a quicker dose fall off in healthy tissue, that might be the 
indication of lower dose to critical structures. 
 
 
Table 1: Dosimetric results for PTV for all collimator angles 
 
Collimator 
angles 
0o 15o 30o 45o 60o 75o 90o 
D99%  (Gy) 72.41 72.59 72.40 72.60 72.40 72.61 72.73 
D5%   (Gy) 78.44 78.44 78.79 78.55 78.96 78.86 78.40 
D95%  (Gy) 73.47 73.50 73.38 73.63 73.34 73.71 73.58 
Dmax   (Gy) 79.40 79.24 79.89 79.87 79.62 80.41 79.40 
Dmean (Gy) 76.20 76.25 76.28 76.38 76.24 76.42 75.96 
CI 0.49 0.51 0.51 0.53 0.48 0.52 0.37 
HI 0.06 0.064 0.07 0.064 0.073 0.065 0.066 
GI 7.9 7.6 4.97 5.5 5.7 5.4 9.4 
MUs 351 352 365 356 362 364 366 
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D. Dose-volume histogram (DVH) evaluation 
Dose-volume histogram plots were used to provide quantitative comparisons among the 
VMAT plans using the different collimator angles. Considerable attention placed on 
ensuring an unbiased comparison for successive computation of numerous indices. The 
DVHs data for each collimator angle was gathered from pinnacle with a bin size of 0.01 
Gy. PTV and organ specific individual DVHs for each collimator angle were calculated.  
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Chapter No. 4 
RESULTS AND DISCUSSION 
4.1 Verification of measured and calculated behavior of 
percent depth dose in external beam radiotherapy 
PDDs for the 6 and 15 MV photon beams have been measured in (5×5), (10×10), 
(15×15), (20×20), (30×30) field sizes. Figs. 26-30 show that the calculated PDDs and 
measured values have very little deviation, which was obtained by statistical parameter 
that is the standard deviation as given in Table 1 for the 6 MV and 15MV photon beams. 
It has been observed that for larger field sizes the deviation between the measured and 
calculated values has been approaching towards zero as shown in Figs. 26-30. 
 
Figure 26: Shows a comparison of PDDs for 5×5 cm2 treatment field in photon beams of the 6 and 15 
MV 
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Figure 27:  Illustrates for 10×10 cm2 treatment field in photon beams of the 6 and 15 MV 
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Figure 28 : Illustrates for 15×15 cm2 treatment field in photon beams of the 6 and 15 MV 
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Figure 29: Comparison of PDDs for 20×20 cm2 treatment field in photon beams of the 6 and 15 MV 
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Figure 30:Comparison of PDDs for 30×30 cm2 treatment fields in photon beams of the 6 and 15 MV 
              
The PDDs have also been calculated at different depths, keeping the field sizes same for 
both the 6 and 15 MV photon beams. It has been observed that the PDD at 1 cm depth has 
a discrepancy between measured and calculated values for the 6 MV and rest of the 
values has a minimal standard deviation. It has also been noted that the6 MV energy has a 
maximum dose at 1.5 cm in both measured and calculated values. The depth is actually 
the Dmax of the beam as shown in Figure 31-32.  
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Figure 31: Measured and calculated PDDs for the 6 MV  photon beam at different depths and field 
sizes 
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Figure 32:Measured and calculated PDDs for the 15 MV  photon beam at different depths and field 
sizes 
 
PDDs of both energies gradually increase as the field size increases, but at 6 MV, that 
increase is slow whereas increases rapidly at 15 MV. The maximum dose and Dmax 
increase as the photon beam energy increases, but the surface dose decreases as exposed 
in figures 31 and 32. It is observed that the standard deviation between measured and 
calculated PDD have very small difference. 
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Table 2:  Statistical summary of different tests  
 
 STDEV  of 
Measured 
Values for 
6 MV 
STDEV of 
Calculated 
values for 
6MV 
t-test for 
measured 
and 
calculated 
values for 
6MV 
STDEV  of 
Measured 
Values for 
15 MV 
STDEV of 
Calculated 
values for 
15MV 
t-test for measured 
and calculated 
values for 15MV 
Maximum 24.52 24.44 0.99 21.35 21.37 0.98 
Minimum 21.75 22.11 0.92 19.54 19.64 0.93 
Mean 23.07 23.31 0.95 20.32 20.42 0.96 
 
These parameters are very important in radiotherapy while their measurements have some 
difficulties. This study shows that any increase in the field sizes results in a decrease in 
the depth of maximum dose and an increase in the skin surface dose. The mean t-test 
values are 0.95 for 6 and 0.97 for 15 MV photon beams as shown in table 2. Standard 
deviation highlights the acceptable difference between measured and calculated values. In 
the different treatment field, t-test is calculated using the origin software and it shows 
insignificant results for both the 6 and 15 MV photon beams.. 
4.2 Percentage discrepancies assessment between measured 
and calculated behavior of percent depth dose in external beam 
radiotherapy 
For percentage discrepancies (PD) measurements, PDD values were measured at different 
field sizes in the phantom for 6 MV photon beam. Taking the reference dose at maximum 
depth (1.5cm), the measured values of the phantom scatter factor and tissue maximum 
ratios in formula (10) at 100 cm SSD were used to calculate the PDD values.  
Table 3 contains the Sp, TMR and PDDs values that were measured using the above 
figure 25 arrangements. These TMR, Sp and PDDs values were used in formula 10  for 
the calculation of new PDD values (calculated PDDs). Table 4 shows the measured 
values and table 5 shows the calculated values at some selected depths in water.  PD was 
found between the measured and calculated PDDs. 
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Table 3: Measured values of TMR, Phantom scatter factor and others at certain depths and field 
sizes for 6MV photon beam 
 
Field Size (r) Depth (d) TMR rd Sp(rd) rto Sp(rto) Calculated 
PDD 
Measured 
PDD 
5X5 1.5 0.992 5.075 0.968 5.075 0.968 99.2 99.6 
 5 0.913 5.25 0.968 5.075 0.968 85.3 85.7 
 10 0.754 5.5 0.968 5.075 0.968 64.1 64.6 
 15 0.611 5.75 0.968 5.075 0.968 47.5 48 
 20 0.499 6 0.974 5.075 0.968 35.4 36 
         
10X10 1.5 0.993 10.15 1 10.15 1 99.3 99.7 
 5 0.929 10.5 1 10.15 1 86.8 87.3 
 10 0.797 11 1.005 10.15 1 67.5 68 
 15 0.658 11.5 1.005 10.15 1 51.0 51.8 
 20 0.545 12 1.01 10.15 1 38.6 39.5 
         
15X15 1.5 0.995 15.225 1.022 15.225 1.022 99.5 99.8 
 5 0.938 15.75 1.022 15.225 1.022 87.6 88.1 
 10 0.816 16.5 1.022 15.225 1.022 69.4 70 
 15 0.692 17.25 1.022 15.225 1.022 53.9 54.4 
 20 0.581 18 1.035 15.225 1.022 41.0 42 
         
20X20 1.5 0.998 20.3 1.035 20.3 1.035 99.8 99.9 
 5 0.944 21 1.035 20.3 1.035 88.2 88.4 
 10 0.83 22 1.035 20.3 1.035 70.6 70.9 
 15 0.713 23 1.035 20.3 1.035 55.5 55.8 
 20 0.611 24 1.041 20.3 1.035 43.4 43.9 
         
25X25 1.5 0.996 25.375 1.041 25.375 1.041 99.6 99.7 
 5 0.947 26.25 1.041 25.375 1.041 88.4 88.7 
 10 0.84 27.5 1.041 25.375 1.041 71.5 71.7 
 15 0.731 28.75 1.043 25.375 1.041 56.8 57.1 
 20 0.629 30 1.043 25.375 1.041 44.9 45.1 
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Percentage Discrepancies (PD) between PDDs for measured and calculated values are 
shown in table 4 at the same depth and field size. Taking PDD measured values as a 
reference; PD values were calculated using the following formula. [105] 
)22........(..........%.........100


Measured
MeasuredCalculated
PDD
PDDPDD
PD  
Table 4: calculated PDD at certain depths and field sizes for 6MV photon beam. 
Depth in 
water  (cm) 
                                                          Field Size (cm × cm) 
5 × 5 10 × 10 15 × 15 20 × 20 25 × 25 
1.5 0.40 0.40 0.30 0.10 0.10 
5 0.11 0.57 0.56 0.22 0.27 
10 0.77 0.73 0.85 0.42 0.27 
15 1.04 1.5 0.91 0.53 0.52 
20 1.66 2.2 2.38 1.13 0.44 
  
The uppermost PD value was found in figure 33 and by table 2 at (15 ×15) cm2 field size, 
while the minute value was observed at 1.5cm depth for the (20×20) cm2 and (25 ×25) 
cm2 field sizes. Table 5 illustrates the maximum PD value at 6MV was 2.38% at a depth 
20 cm with (15 × 1 5) cm2 field size, while the minimum value (0.30%) with the same 
field size was found at 1.5 cm near the water surface.  
Figure 33 demonstrates the relationship between PD values in table 4 and field size at 
each selected depth in water at 6MV. 
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Figure 33: Variation of PD with depth of water at 6MV 
 
Figure 33 confirms the table 4 by showing that the PD values improve with depth of 
water and depreciate with field size. PD gradient shows an increment or decrement in 
values at each step during delivery of doses. A medical physicist must know the change in 
dose at every step while delivering the accurate doses to patients. The maximum PD 
gradient between these values can be found at 
 
This shows a 0.1386% increment in PD occurring from every 1 cm from Dmax to a depth 
of 20 cm that corresponds to maximum PD gradient. Similarly, the minimum PD gradient 
was found at field size of 20 x 20 cm2 as calculated by: 
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Table 5: Statistical Summary of PD and PD gradient values  
 
 PD PD Gradient (cm-1) 
Maximum 2.38 0.1386 
Minimum 0.10 0.006 
Mean 1.24 0.0723 
 
Table 5 summarizes the conspicuous statistical values for PD and its gradient. The error 
range between maximum and minimum PD was 2.28 and between its gradient was 0.1326 
by using origionPro7 software. Previously Sameer S.A Natto showed a comparative study 
of measurements. The PDD measurements were done between two different medical 
linear accelerators and the PD values were calculated. It was concluded that these 
discrepancies should be considered while delivering dose to the cancer patient. [105] 
4.3 Physical and dynamic wedges in radiotherapy for rectal 
cancer: a dosimetric comparison 
Comparisons of treatment plans were performed using enhanced dynamic wedges 
(EDWs)  and physical wedges (PWs)  at angles of 45o and 60o. To trim down the risk of 
toxicity, no plan was acknowledged with hot spot along the bladder and rectal walls as 
these areas will get substantial radiation dose. The dose distribution of a patient along 
transversal, frontal and sagittal planes are shown in figure 34 for EDW (45o, 60o) and 
figure 35 for PW (45o, 60o). 
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Figure 34: Dose distribution in transversal, sagittal and frontal view of EDW at (45o, 60o) 
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Figure 35: Dose distribution in transversal, sagittal and frontal view of PW at (45o, 60o) 
 
The maximum, minimum, mean doses in cGy and volume in cm3 of the PTV were also 
calculated and analyzed for each patient using both kinds of wedge techniques. The PTV 
received not more than 108% of the prescribed dose; however EDW 45o plans illustrate 
the less amount of dose than all other wedges up to 106%. The mean dose for the PTV 
was also found less in EDW 45o and it endows with higher dose to 1% volume than the 
rest of the wedges. The coverage was also found the best for the EDW 45o plans. 
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Table 6: Evaluation of the average dose parameters of thirty patients among different wedges  
 
Dmean = Mean dose, Dmax = Maximum dose, D1% = dose to 1% of target volume; TV95%= dose to 95% of 
target volume; * = Significant (p<0.05); ** = Highly Significant (p<0.01); NS = Non significant (p>0.05); 
 
In the clinical setting, PTV coverage is the major optimization objective and it was 
assessed using the minimum, maximum, and mean doses. The maximum statistically 
doses were found 106.8  1.7cGy, 107.1  2 cGy, 107.5 1.8 cGy and 108.3 2.6 cGy for 
EDW 45o, EDW 60o, PW 45oand PW 60o respectively. SD shows low (1.75) doses for 
EDW 45o than other wedges.  
With EDW 45o treatments reduce mean dose, Dmean = 100.98 0.14 cGy was delivered, 
when compared with other wedges as shown in table 6. This reduction may be small, but 
helps in reducing the toxicity. In our study, mean and less value of dose coverage 
parameters such as Dmean (100.98  0.14) cGy, Dmax (106.8 1.7) cGy, D1% (104.5 1.2) 
Parameters Enhance 45o Enhance 60o Physical 45o Physical 60o F-value Probability 
Dmean 100.9 0.74 101.01 1.63 101.2 1.65 101.3 1.33 0.56NS 0.6409 
Dmax 106.8 1.7 107.1 2 107.5 1.8 108.3 2.6 3.12* 0.0287 
D1% 106.9 1.6 105.4 1.4 106.5 1.9 106.5 1.8 4.37** 0.0059 
TV95% 97.1 1.5 96.7 3.8 93.6 9.8 95.4 5.7 3.14* 0.0279 
U.I 1.07 0.02 1.08 0.05 1.1 0.13 1.1 0.08 1.77NS 0.1576 
C.I 0.98 0.01 0.97 0.03 0.96 0.03 0.96 0.03 2.83* 0.0417 
H.I 0.11 0.02 0.11 0.05 0.15 0.1 0.16 0.11 1.08NS 0.3694 
Monitor Unit 
(MUs) 
87.87 3.9 
 
91.16 3.9 
 
110.30 4.8 
 
108.94 4.1 
 
231** 0.0025 
Plan 
Normalization 
value 
72.2 9.0 59.23 5.7 70.19 9.2  57.7 6.2 26.3** 0.0014 
Surface doses 54.2 2.4 61.1 2.9 57.3 2.8 62.1 2.5 13.8** 0.0016 
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cGy and TV95% (97.1  1.5) cGy emphasized the competent behavior of the EDW 45o. The 
average low values of Dmax and higher values of TV95% shows better and statistically 
significant results (p<0.05) for the EDW 45o than other wedges. Lower SD values of 
Dmean (0.74), D1% (1.2) and TV95% (1.52) for EDW 45o confirm that this wedge angle  is 
better than others. DVH of EDW and PW for both angles is given in figure 36. 
 
Figure 36: DVH of EDW and PW for both angles  
 
CI is used to appraise the clinical support of the best treatment plan. The CI for the PTV 
was comparable among under consideration wedges and the results showed that CI for 
EDW 45o was better than other wedges, i.e. EDW 45o was able to produce sharper and 
stiff dose distribution around the PTV. Improved CI may be helpful in delivering higher 
doses to PTV without delivering higher doses to nearby healthy tissues. It was reported 
that IMRT plans offer noteworthy improvement of dose conformity to PTV on the base of 
the superior value of CI compared to both plans. [114] 
In this study CI exposed comparable results among wedges showing p-value = 0.0417. 
The EDW 45o achieved high value of CI 0.98  0.01 as compared to rest of the wedges. 
This was clearly shown in figure 34 and table 5 that EDW 45o provides a substantial 
enhancement of dose conformity to PTV with higher value of CI than other wedges.  
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Figure 37: Effect of wedges on  Conformity Index (CI) 
 
 
Figure 38: Effect of wedges on  Uniformity Index (UI) 
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Figure 39: Effect of wedges on Homogeniety Index (HI) 
 
 
Figure 40: Effect of wedges on  surface doses 
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Higher and noticeable values of plan normalization were found for EDWs and as 
extracted from table 6, EDW 45o has average higher values of plan normalization 
representing the efficient dose coverage. Smaller values of UI correspond to more 
uniform dose in the PTV. It has been observed that the UI for EDW 45o plans were 
collectively lower than other wedges. Minute values of HI using EDW 45o showed the  
delivery of homogeneous dose distribution to the PTV than other wedges. It means EDW 
45o plans offer more homogeneous dose distribution than other wedges. The usual lower 
values of UI, HI, Dmean, Dmax  and higher values of CI, D1%, TV95%  indicate that EDW 45o 
has better converge than other wedges as shown in figure 37-40 and table 6.  
Minimum surface doses were appeared with EDW 45o than other wedges as shown in 
figure 40 and table 6. Statistically high significant behavior was shown by MUs (p<0.01). 
Surface dose distributions from a dual energy linear accelerator can appreciably affect the 
treatment techniques for patients having radiosensitive critical structures, that needs to be 
protected. It was found in this study that EDW 45o showed less surface doses than PWs as 
shown in figure 40 and table 6. It was reported that PW limited in size, high density, and 
high atomic number materials. It creates low-energy electron and photon scattering that 
increases surface doses than EDWs. [115, 116] Overall practically, the implementation of 
EDW offers clinicians with competent tool for the conformal radiotherapy treatment 
planning than physical wedges. [117] 
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Figure 41: Illustration of MUs for Physical and Enhance Dynamic Wedges  
 
 
Figure 42: Illustration of plane Normalization value for Physical and Enhance Dynamic Wedges  
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The MUs required to deliver each plan were recorded for all patients. It is clearly shown 
in figure 41 and table 6 that less MU required in the case of the EDW 45o than other 
wedges. Privileged and conspicuous plan normalization values were found while using 
EDW 45o as shown in figure 42. The elevated mean plan normalization value is 87.87 and 
smaller MUs results that EDW 45o with highly significant behavior (p<0.01) than the 
other wedges. It is reported that the change of a wedge factor for EDW delivers less MUs 
than PW wedges. Other dosimetric characteristics, such as beam profile and isodose of 
EDW, strongly match by the PW. [115] Our results agree well with these studies that 
fewer MUs require in EDWs than in PWs as shown in figure 41 and table 6. 
 
 
Figure 43: Comparison of DVH of EDW 45o, 60o and PW 45o, 60o planes of the PTV 
The dose volume histogram (DVH) analysis of EDW 45o, 60o and PW 45o, 60o plans for 
the PTV as illustrated in figure 43. To enhance the results, statistical analysis, i.e. F-test 
has been applied to find p-value (probability). A p-value of p < 0.05 is considered 
statistically significant. 
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The Monte Carlo study demonstrated that 30% increment in mean photon energy was 
established due to the effect of beam hardening of the PW 45o, neither this mean energy 
boost nor such dose drop was set up for the EDW 45o. These dosimetric differences 
between EDWs and PWs are significant and clearly affect the clinical use of these beams. 
[118] We compare the different outcomes in patients treated for rectal cancer using PWs 
and EDWs, 45o and 60o. These wedge angles were used because of large separation of 
patient’s pelvis contour. MUs play a vital role in measuring the output of the treatment 
machine. Highly statistical behavior was formed by all wedges and EDW 45o required 
fewer MUs. It was also reported that EDWs use less MUs than PWs. [119] Non-
significant behavior was shown by Dmean, UI and HI indicates that any wedge can be good 
for coverage. Collectively, it is illustrated from the above measured dose coverage 
parameters that the EDW 45o delivered utmost dose to PTV.  
4.4 Treatment planning evaluation of sliding window and 
multiple static segments technique in intensity modulated 
radiotherapy 
The PTV DVHs for the SW IMRT and SS IMRT for 5-field, 7- field, 9-field and 13-field 
is shown in figure 44.  
 
Figure 44: Comparison of DVH curves of PTV for all fields using SS IMRT and SW IMRT 
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The dosimetric results of the PTV were almost similar between SS and SW IMRT 
techniques. The mean doses to PTV, comparison between the SW and SS IMRT for dose 
coverage is given in the table 6 while 5-field SW and SS IMRT dose distribution is shown 
in figure  45 and 7-field SW IMRT beam eye view in shown in figure 46. 
 
Figure 45: Dose distribution at 5-Field SW and SS IMRT 
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These results illustrate that mean doses to PTV are identical for both techniques. Figure 
44 also demonstrates that the coverage of the PTV is similar but the result in Table 7 
indicates that the uniformity index, homogeneity index and D95% are different (p < 0.05). 
All other parameters are not different (p > 0.05) (Table 8) significantly. 
 
 
 
 
 
 
 
Table 7: Comparison of average dosimetric parameters for irradiation of target volume using both 
techniques 
 
 
Dmean = Mean dose, Dmax = Maximum dose, D1% = dose to 1% of target volume; D95%= dose for 95% of 
target volume;  NS = Non Significant 
 
 
 
 
PTV 5F.SW 5F.SS 7F.SW 7F.SS 9F. SW 9F. SS 13F.SW 13F.SS t-Values Prob. 
Dmean 99.78 0.05 99.78 0.05 99.78 0.05 99.78 0.05 99.78 0.05 99.78 0.05 99.78 0.05 99.78 0.05 0.00NS 1.00 
Dmax 107.08 2.5 107.55 2.3 106.05 3.6 106.62 3.5 105.20 1.6 106.00 1.4 106.15 2.4 105.57  2 0.98NS 0.329 
D1% 104.27 1.8 104.8  1.3 103.37 1.6 103.96 1.4 103.44 1.2 103.93 0.9 103.20 1.5 103.06 1.2 -1.24NS 0.216 
D95% 95.40  0.9 95.11  1 95.88  0.9 95.33  0.8 95.95  0.9 95.43  0.8 95.93  1.2 95.74  0.7 2.15* 0.034 
U.I 1.07  0.02 1.08  0.01 1.05  0.01 1.07  0.01 1.05  0.01 1.06  0.01 1.06  0.01 1.06  0.01 -2.1* 0.047 
H.I 0.12  0.03 0.13  0.02 0.11  0.01 0.12  0.01 0.10  0.01 0.12  0.01 0.11  0.01 0.12  0.01 -2.05* 0.043 
C.I 0.950.01 0.95  0.009 0.96  0.01 0.95  0.009 0.96  0.009 0.95  0.009 0.96  0.01 0.96  0.005 1.72NS 0.089 
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Figure 46: Beam eye view of 7-Field SW IMRT 
 
SW and SS IMRT dose distribution analysis of 5, 7, 9, and 13 field are shown in figures  
47-49. 
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Figure 47: 7-field SW and SS IMRT dose distribution 
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Figure 48: 9-field SW and SS IMRT dose distribution 
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Figure 49: 13-field SW and SS IMRT dose distribution 
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Figure 50: Comparison of DVH curves of OAR for all fields using SS IMRT and SW IMRT 
DVH of partial bladder and rectum of the representative patient using both delivery 
methods for 5-field, 7-field, 9-field and 13-field is shown in figure 50.  
The MapCHECK 2TM (Model 1177, Sun Nuclear, Melbourne, FL) was used for 
verification of both the static and dynamic IMRT technique. Gamma analysis was 
employed to test the acceptability of the delivered plan with a 95% pass criteria at 
±3%/±3 mm criterion (Fig. 51). [37] 
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Figure 51: MapCHECK 2TM gamma analysis used for both prostate IMRT techniques  
The data of thirteen patient indicate that the mean and maximum doses of the partial 
bladder and partial rectum are lower in the SS technique as compared to SW and is 
measured that 2–5% maximum doses of the organ at risk is reduced in the step and shoot 
technique.  
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Figure 52: Comparison of both techniques for different volume of partial rectum 
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Figure 53:Comparison of both techniques for different volume of partial bladder 
 
The dose to OARs of 5-field, 7-field, 9-field and 13-field plans are shown in figures 52-
53 which demonstrates that mean dose, maximum dose, D15%, D25%, D35%, and D50% for 
different number of fields verify that SS IMRT results better for sparing of OARs than 
SW IMRT.  
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Figure 54: Average MU assessment of individual patient for different field with SW IMRT and SS 
IMRT 
The average MU per day for each plan over the thirteen patient is shown in figure 54. For 
all plans in this study, the SS IMRT methods had fewer MUs than the SW IMRT method. 
The sagittal view of 7-Field SS IMRT is shown in figure 55 and frontal view of 7-field 
SW IMRT is shown in figure 56. 
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Figure 55: Sagittal view of 7-Field SS IMRT 
SW IMRT and SS IMRT plans demonstrate comparable PTV coverage. Conformity 
Index has been used to appraise the clinical verification of the better treatment, but it has 
no significant results in all beam directions. Better conformity may help to deliver 
superior doses to PTV without delivering extra doses to the neighboring healthy tissue. 
The value 1 for CI is considered for an ideal plan. [108] 
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Figure 56: Frontal view of 7-field SW IMRT 
 
The greater uniformity index indicates higher heterogeneity and smaller value of HI 
means additional homogeneous dose distribution to the PTV. [107, 110] The average 
homogeneity and uniformity indices for the SW IMRT yield better values as compared to 
the SS IMRT. t-Value of dissimilar parameters explains the significance or non-
significance of a treatment plan by utilizing both techniques. It was scrutinized that PTV 
results were significant for HI, UI, D95% and non significant for CI, Dmaen and Dmax. In 
OARs, the SS IMRT is able to sustain lower mean and maximum doses in contrast with 
the SW IMRT. The decrease in dose to critical organs without compromising the dose in 
target might show the way of new clinician advantage.  
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Table 8: Comparisons of mean dose distribution in the organ at risk (OARs) for both techniques  
OAR                                               Mean Dose   SD (%) 
5F.SW 5F.SS 7F.SW 7F.SS 9F. SW 9F. SS 13F.SW 13F.SS t-
Value 
Prob. 
Partial Rectum 
Dmean 42.92 10.7 42.44  9.1 37.61  8.1 36.91  7.6 40.60  7.3 38.9  6.6 41.63  7.4 39.54  6.7 0.78NS 0.435 
Dmax 98.66  4 98.60  2 98.51  3.4 96.6  4.7 100.09 3.1 98.43 2.8 99.45  3 98.81  3.5 1.55NS 0.613 
D15% 70.92  8.7 70.76  8.8 67.38  7.2 64.53  6 66.92  5.5 65.38 5.4 67.69  5.6 65.69  5.3 1.21
NS 0.229 
D25% 58.92 11.5 58.26 10.9 53.38  7.7 50.69  6.5 53.92  4.5 50.42 9.7 54.07  5.4 51.84  4.8 1.39
NS 0.168 
D35% 49.84 12.8 49  11.7 43.76  7.4 41.11  6.9 44.80  5.4 43.26 5.3 45.46  5.9 43.03  5.5 1.14
NS 0.258 
D50% 39.84 12.8 38.92 11.2 34.19  7.4 32.30  7.6 36.69  7 34.65 6.1 38.57  8.8 35.23  7.3 1.18
NS 0.242 
Partial Bladder 
Dmean 36.36  2.2 35.57  2.1 36.90  2.9 36.77  2.6 37.98  2.4 37  2.3 38.11  2.6 36.73  2.4 0.48NS 0.636 
Dmax 100.87 3.1 100.3  3.6 100.34 3.1 99.46  2.3 99.29  2.6 99.66 3.4 101.38  3 100.62 2.7 0.78NS 0.436 
D15% 65.46  10 64.92  9.6 65.07  9.8 64.46  9.7 64.46  8.9 62.92 8.6 63.76  9.2 62.84  9 0.50NS 0.616 
D25% 52.76  9.5 52.15  9.3 52.61  9.7 52.07  9.4 51.84  7.9 50.30  8 52.03  8.7 50.38  8.6 0.64NS 0.526 
D35% 43  9.5 42.07  9.3 42.38  9.9 42  9.7 43.23  7.8 42.07 7.9 43.07  9.1 41.38  8.7 0.61NS 0.459 
D50% 31  9.5 30.61  9.4 31.11 11.9 30.46 11.7 32.76  9.4 31.92 8.9 33.61 10.5 31.5  10.2 0.51NS 0.613 
 
The number of monitor units required for each plan was smaller in the SS IMRT as 
compared to the SW IMRT. The lower number of MUs is required in SS IMRT because 
when the beam is kept off and changing the field shapes. As the SW IMRT continuously 
switches on, so, due to transmission and leakage through leaves increases the dose to the 
OARs. Furthermore, SW IMRT is unable to shield any area, but, slightly removes the 
minimal gap at a possible maximum speed.  
4.5 The dosimetric dependence of the collimator angle in 
prostate volumetric modulated arc therapy 
This study has been carried out on a Harold phantom and clinically acceptable VMAT 
plans satisfying a minimum of 99% prescribed coverage to PTV were achieved. Mean 
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doses for all collimator angles were found between 75.96 (Gy) and 76.42 (Gy). The 
values of CI for all collimator angles are summarized in Table 1 revealing that a 45o 
collimator angle is closer to unity than any other studied collimator angles. A collimator 
angle of 0o requires fewer MUs while 75o and 90o collimator angles require the most 
MUs. The highest HI values were established for a 60o collimator angle, whereas we 
found lower values for 45o and 15o angles. It was found that a 30o collimator angle 
showed as lower GI value of GI that was closer to unity while higher values were found 
at 0o collimator angle.  Dose distribution is shown in figure 57 for  collimator angle 0 and 
dose distribution at collimator angle 90 is shown in figure 58. 
 
Figure 57: Dose distribution at collimator 0o 
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Average accumulated DVHs of the PTV, rectum, bladder and femoral heads are shown in 
Figs.59-63, which were planned using VMAT with different collimator angles. The 
planning dose objectives of the rectum and bladder agree well with the prescribed dose; 
mean, maximum, D30% and D50% doses are shown in Table 9. V14% and V38% were chosen 
since they have been used as physics quality assurance evaluation criteria at the Princess 
Margaret cancer center. V30% and V38% were calculated for rectum as well as for bladder 
and are shown in Table 9. The dose to the femoral heads was found to be within the 
acceptable range; their mean, maximum, D5%, V14% and V22%  are calculated and shown in 
Table 9. 
 
 
 
 
Figure 58: Dose distribution at collimator 90o 
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Table 9: Mean dose-volume criteria, average mean and maximum doses of the critical organs for 
VMAT plans at different collimator angles.  V30Gy, V38Gy, V14Gy and V22Gy are percentage 
volume receiving at least 30 Gy, 38 Gy, 14 Gy and 22 Gy respectively.  D50% , D30%, D5%  are the doses 
given to 50% , 30%  and 5%  of the volumes, respectively 
 
Collimator 
angles 
0o 15o 30o 45o 60o 75o 90o 
Rectum 
Dmean (Gy) 53.69 53.56 52.59 53.62 52.05 53.61 52.29 
Dmax (Gy) 79.13 79.09 79.77 79.87 79.62 79.92 79.12 
D50% (Gy) 50.29 50.09 49.66 49.97 49.17 50.07 50.35 
D30% (Gy) 68.33 68.39 68.07 69.14 68.93 68.66 69.25 
V30Gy (%) 36.26 36.26 36.22 36.26 36.19 36.26 35.64 
V38Gy (%) 35.43 35.96 33.07 35.3 31.69 34.76 31.67 
Bladder 
Dmean (Gy) 53.08 52.47 51.59 51.99 52.37 52.49 50.69 
Dmax (Gy) 78.73 78.58 79.36 78.24 79.47 78.96 78.63 
D50% (Gy) 50.40 49.33 49.31 48.92 48.69 50.59 50.00 
D30% (Gy) 69.02 68.74 68.93 69.15 68.41 69.46 70.16 
V30Gy (%) 59.84 59.69 58.12 59.53 59.84 57.31 54.40 
V38Gy (%) 54.24 55.48 51.22 50.43 52.56 40.51 44.43 
Left Femur 
Dmean (Gy) 16.06 16.20 15.19 18.06 16.12 20.34 17.75 
Dmax (Gy) 31.63 32.42 37.46 34.42 35.17 37.32 45.89 
D5% (Gy) 27.13 28.32 29.27 29.86 30.05 32.50 35.54 
V14Gy (%) 105.66 108.19 105.07 114.8 103.8 112.8 99.5 
V22Gy (%) 95.65 91.40 69.20 100.98 75.18 107.64 80.02 
Right Femur 
Dmean (Gy) 17.32 17.34 16.33 14.92 15.14 14.33 22.73 
Dmax (Gy) 37.06 39.05 40.62 40.08 40.80 43.55 54.14 
D5% (Gy) 31.04 32.14 28.88 31.17 31.31 32.27 39.74 
V14Gy (%) 108.68 111.12 107.56 100.17 102.69 95.87 117.4 
V22Gy (%) 98.96 98.16 87.20 65.57 67.53 56.94 111.7 
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Figure 59: Average DVH of the PTV 
 
 
 
 
 
Figure 60: Average DVH of the Bladder 
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Figure 61: Average DVH of the rectum 
 
 
 
 
 
 
Figure 62: Average DVH of the Left femur 
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Figure 63:Average DVH of the Left femur 
 
 
A. Dose-volume indices: 
An investigation of the collimator angles reveals that a 45° collimator angle has a 0.3% 
higher CI, 0.14% lower HI and 0.02% lower requirement of MUs than all other studied 
collimator angles. According to Bortifield [83] a 45o collimator angle  is preferred to 0o 
collimator angle. He also clarified theory that the leaves of the MLC in a parallel opposed 
beam move in orthogonal direction and therefore these beams are not stopped. 
Furthermore, Otto [82] makes clear that just a single leaf pair can be utilized to modulate 
the intensity within a CT slice without rotation of the collimator and secondly that an 8% 
lower MU requirement can be found using a 45o collimator angle verses 0o angle. This 
also explains the fact that with a 45° collimator angle, one can irradiate the right and left 
side of the PTV as well as spare the rectum and bladder in a fashion that is not possible 
with a 0o angle. In our investigation, the number of MUs required are (0.02%) lower 
using a collimator angle of 45° than when using a collimator angle of 90o. Fogliata et al. 
[120] suggested that it might be surprising that higher MUs are not commonly suggested 
to improve the plan excellency. Apparently, extra MUs are not always utilized in smaller 
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MLC apertures for enhanced dose modulation. Verbakel et al [121] clearly indicated that 
a 45o collimator angle permits satisfactory PTV dose distributions by switching on and 
off the beam from different directions. 
 
B. Dose-volume criteria, maximum and mean dose:  
Mean dose-volume criteria, maximum and mean dose are the important parameters for 
plan evaluation. Table 1 shows the dosimetric results of the PTV and Table 9 summarizes 
the mean dose-volume criteria of the bladder, rectum and femoral heads calculated by the 
treatment planning system. In this study the dose-volume evaluation criteria for the 
prostate VMAT plan are: D99% of PTV ≥ 74.1Gy, D30% of rectum and bladder ≤ 70Gy, 
D50% of rectum and bladder ≤ 53 Gy, D5% of femoral heads ≤ 53Gy. For the mean D30% 
and D50% of the rectum and bladder, all the collimator angles satisfy the corresponding 
dose-volume criteria. The mean D50% and D30% of bladder are found to be lower for the 
60o collimator angle (on average 0.03% and 0.02%) than other studied collimator angles. 
However, the 90o collimator angle had a higher D50% and D30% for the rectum (on average 
0.02% and 0.01%) than other studied collimator angles. To the left and right femoral 
head, the 90o collimator angle  had a mean D5%, which was on average 0.23% and 0.9% 
higher more than the other collimator angles, respectively. In percentage bladder and 
rectum volume receiving at least the given dose, lower V30%, V38%, values were found 
using collimator angles of 90o and 60o, respectively. The percentage of the right and left 
femur volume receiving at least the given dose was lower for the V14Gy, V22Gy criteria at 
collimator angles of 75o and 30o respectively. 
C. Dose-volume histogram 
Figure 59 shows the average DVH of the PTV for all collimator angles planned using the 
VMAT technique. The dose range in Figure 59 begins at 70 Gy rather than 0 Gy to focus 
on the drop-off region of the curve. No noticeable difference has been found using all 
studied collimator angles. It is obvious in figure 60 that the percentage of volume 
receiving chosen doses (e.g. V30Gy and V38Gy) are constantly lower for a 75o collimator 
angle. This shows that the collimator angle of 75o is good for bladder sparing with V38Gy 
value is 40.51. It is apparent in the figure 61 that the percentage volume receiving our 
chosen doses (e.g. V30Gy and V38Gy) are always lower for a 90o collimator angle. This 
shows that 90o collimator angle results in better rectum sparing and its V38Gy value is 
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31.97. It can be seen that V14Gy and V22Gy are persistently lower for 75o collimator angle. 
This shows that 75o collimator angle is good for sparing of the right femur and its V22Gy 
value is 56.94. It can be realized in Figure 63 that percentage volume receiving doses 
(e.g. V14Gy and V22Gy) are persistently lower for the 30o collimator angle. This shows that 
30o collimator angle is suitable for left femur sparing (itsV22Gy value is 69.20). 
For non-single arc prostate VMAT, Rana et al. [122] found that it is feasible to use a 
partial arc technique in a RapidArc prostate plan. They showed that for the same PTV 
coverage and plan optimization parameters, the partial arc technique delivered a higher 
dose to the femoral heads, but lower doses to the rectum, bladder, and penile bulb when 
compared to the single arc technique. On the other hand, Sze et al. [123] reported that 
double arc technique could produce a better plan with improved PTV coverage and 
reduced treatment time compared to intensity modulated radiation therapy. They found 
that though the single arc technique resulted in a higher rectal dose, the technique had a 
higher efficiency than the double arc. For a busy treatment unit demanding high patient 
throughput, the single arc technique could be an acceptable option for simple prostate 
cases. However, for complex cases involving lymph doses, more than one single full arc 
may be required. It is worthwhile to study the collimator angle effect on different photon 
arc techniques in prostate VMAT. This is the future work in this study. 
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CONCLUSIONS 
 
The features investigated in this thesis have an impact on the accuracy of treatment plans 
in radiation therapy. Methods, suggestions and criteria were used to improve treatment 
plans using a treatment planning system by different radiotherapy techniques such as 
3DCRT, IMRT and VMAT. 
 
 PDD had approximately the same results with the measured data. So under any 
unavailability of dosimetry problem, the PDD may be calculated from that 
recommended formula. Overall good agreement was found between the measured 
and the calculated values.  
 Percentage discrepancies (PD) were found between measured and calculated 
values.  For the same depth and field sizes, PDDs were found minute differences 
in the both measured and calculated values at 6MV. PD ranged between a 
maximum of 2.38, a minimum of 0.010 with mean value of 1.24 for 6 MV. The 
existence of these discrepancies were not clear. It may depend upon some factors 
such as properties of measuring devices or some possible factors such as 
movement of water during measurements and it may be possible that there is a 
need to amend the formula which was used in this study to calculate PDDs. It was 
concluded that these discrepancies should be taken into account while delivering 
any medical dose in radiation therapy centers. 
 Physical and dynamic wedges were studied, it was concluded that the PTVs from 
EDW 45o plans showed efficient and noteworthy development in terms of target 
coverage and homogeneity as compared to other wedges. With less hot spot and 
high dose conformity in the target volume confirms a better 3D dose distribution 
in the PTV using the EDW 45o. Collectively, this study suggested a dosimetric 
benefit of EDW 45o over other wedges and pointed out the significance of EDW 
45o in the treatment of rectum patients.  
 It  was concluded that Sliding Window (SS) and Step and shoot (SS) IMRT had 
identical results related to the PTV coverage. The PTV had significant results for 
inhomogeneity index, uniformity index D95%, while non significant results for CI, 
Dmean, Dmax. SS IMRT required less MUs for delivery of treatment as compared to 
the SW. The dose to OARs or healthy tissue was considerably lower in the SS 
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IMRT than SW IMRT. It was also concluded that SS IMRT delivers lowers doses 
to SW IMRT for OARs. 
 The impact of different collimator angles on a dosimetric scoring function were 
investigated. Collimator angle selection can play vital role in improving the 
quality of treatment plans. It was concluded from the results that the dose 
variations with the change of collimator angle were significant. VMAT plans with 
said collimator angles did not play a substantial role in PTV coverage, but for 
more accuracy, a 45o collimator angle provides superior PTV dose distribution to 
all other studied collimator angles as is shown by a higher value of CI, lower 
value of HI and 1.4% higher value of MUs. It was observed that a 75o collimator 
angle is appropriate for sparing of the rectum and right femur. In our 
investigation, 90o and 30o collimator angles showed the highest sparing of the 
rectum and left femur, respectively. The results of our study set the groundwork 
for guiding the collimator angle selection with regards to PTV dose distribution 
and sparing of OARs in prostate VMAT planning. This work may also be 
extended to other treatment sites using VMAT. 
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FUTURE RECOMMENDATIONS 
 
 More studies needed to evaluate the collimator angle for complex body sites for 
sparing of OARs. 
 Monte Carlo dose calculation algorithm is new and its application is growing very 
rapidly all over the world. This needed more work for complex body geometry. 
 Studied required to make treatment planning system on our PCs with the help of 
MATLAB platform. 
 It is also recommended to find new ways to asses dose response, normal tissue 
sparing, exploring the role of nanoparticles in radiotherapy and the use of radio 
Sanitizers during radiotherapy.  
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